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PREFACE 


Research on bacterial adhesion and its significance is a major field involving many 
different aspects of nature and human life, such as marine science, soil and plant ecology, 
the food industry, and most importantly, the biomedical field. The adhesion of bacteria to 
human tissue surfaces and implanted biomaterial surfaces is an important step in the patho- 
genesis of infection. 

Handbook of Bacterial Adhesion: Principles, Methods, and Applications is an outgrowth 
of the editors’ own quest for information on laboratory techniques for studying bacte- 
rial adhesion to biomaterials, bone, and other tissues and, more importantly, a response to 
significant needs in the research community. 

This book is designed to be an experimental guide for biomedical scientists, biomaterials 
scientists, students, laboratory technicians, or anyone who plans to conduct bacterial 
adhesion studies. More specifically, it is intended for all those researchers facing the chal- 
lenge of implant infections in such devices as orthopedic prostheses, cardiovascular 
devices or catheters, cerebrospinal fluid shunts or extradural catheters, thoracic or 
abdominal catheters, portosystemic shunts or bile stents, urological catheters or stents, 
plastic surgical implants, oral or maxillofacial implants, contraceptive implants, or even 
contact lenses. It also covers research methods for the study of bacterial adhesion to tis- 
sues such as teeth, respiratory mucosa, intestinal mucosa, and the urinary tract. In short, it 
constitutes a handbook for biomechanical and bioengineering researchers and students at 
all levels. 

Handbook of Bacterial Adhesion: Principles, Methods, and Applications is the first 
inclusive and organized reference book on how to conduct studies on bacterial adhesion 
to biomaterials and tissues, a topic that has not been covered adequately by existing works. 
The book also complements other reference titles on bacterial adhesion. The book has six 
parts: Part I (6 chapters), Mechanisms of Microbial Adhesion and Biofilm Formation; 
Part II (6 chapters), General Considerations for Studying Microbial Adhesion and Biofilm; 
Part III (7 chapters), Techniques for Studying Microbial Adhesion and Biofilm; Part IV (7 
chapters), Studying Microbial Adhesion to Biomaterials; Part V (8 chapters), Studying 
Microbial Adhesion to Host Tissue; and Part VI (5 chapters), Strategies for Prevention of 
Microbial Adhesion. Since yeasts are also a major factor in implant and/or tissue infec- 
tions, the book includes a chapter covering Candida adhesion and related infections (Chap- 
ter 33). 

Handbook of Bacterial Adhesion: Principles, Methods, and Applications is designed to 
be concise as well as inclusive, and more practical than theoretical. The text is simple and 
straightforward. A large number of diagrams, tables, line drawings, and photographs is 
used to help readers better understand the content. Full bibliographies at the end of each 
chapter guide readers to more detailed information. Although a work of this length cannot 
discuss every aspect of bacterial adhesion that has been studied over the years, it is hoped 
that all the major principles, methods, and applications have been included. 
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I. INTRODUCTION 


The research of bacterial adhesion and its significance is a large field covering different 
aspects of nature and human life, such as marine science, soil and plant ecology, food 
industry, and most importantly, the biomedical field.+-7>!°! Adhesion of bacteria to human 
tissue surfaces and implanted biomaterial surfaces is an important step in the pathogenesis 
of infection.3>° 

Like tissue cells growing in in vitro culture, bacteria prefer to grow on available surfaces 
rather than in the surrounding aqueous phase, as first noted by Zobell in 1943.173 Stable 
adhesion of a bacterium on a surface requires the following events: transport to the vicinity 
of the substrate (tissue cells or biomaterial surfaces), attachment to the substrate, then by 
molecular interactions the resistance of detachment in the presence of any dislodging 
force. Adhesion of bacteria to solid surfaces has been described as a two-phase process 
including an initial, instantaneous, and reversible physical phase (phase 1) and a time- 
dependent and irreversible molecular and cellular phase (phase 2).!!!/!!? 

The exact mechanisms by which implant or foreign body infections occur still remain 
unclear. The mechanism of bacterial adhesion is a very complicated topic. The excellent 
reviews of the mechanisms of bacterial adhesion by Dankert et al.,2° and the mechanisms 
of prosthetic infection by Dougherty,” and Gristina et al.,°° will be very helpful to 
the reader. It is known that certain strains of bacteria, particularly Staphylococcus 
epidermidis, secrete a layer of slime after adhering to the implant surface, making them- 
selves less accessible to the host defense system?5? and significantly decreasing antibi- 
otic susceptibility.6%63-119,124,144 These bacteria can remain quietly on the material's surface 
for a long period of time until the environment allows them to overgrow, such as with 
decreased host immune function or poor tissue ingrowth around the prosthesis, and a 
clinical infection then occurs. 

Microbial adherence to tissue cells or mucosal surfaces is the initial step in the 
development of most infectious conditions.?? Specific interactions between microbial 
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Figure 1. A hypothetical plot of the free energy of interaction, f(z), between a colloidal 
particle and a surface vs separation distance based on DLVO theory for a particle and 
substratum with like charge. The dashed line is the contribution from electrostatic double 
layer interaction, and the dash-dot line is the contribution from van der Waals attraction. 
The primary minimum (not shown) reflects a balance between short range repulsion forces 
and short range van der Waals attractive forces at molecular contact, and the secondary 
minimum reflects a balance between longer range electrostatic repulsion and van der Waals 
attraction at a point away from contact. The characteristic time for attachment scales 
exponentially with the height of the interceding energy barrier. 


surface ligands or adhesins and host receptors influence the distribution of microbes in 
the sites of infection. By adherence and adhesion, microbes gain access to host tissues, 
upset the integrity of the cells of the organ surface and cause tissue infection. The 
induction of mucosal epithelial inflammation is one aspect of this process. Bacterial 
attachment to mucosal surfaces activates the production and release of pro-inflammatory 
cytokines which can cause both local and systemic inflammation.®!47-!52 

Over the years, significant work has been done to investigate the process of bacterial 
adhesion to tissue and biomaterial surfaces, but still many questions remain unanswered.”>"!!! 


II. MECHANISMS OF BACTERIAL ADHESION 
A. Physicochemical Interactions (Phase 1) 


A common approach to predicting or interpreting bacterial attachment data has been to 
apply concepts developed in the colloid literature.!4°*-!4?!©0 The long-range forces that 
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are typically considered to govern the rate of deposition of a charged colloidal particle to 
a surface include long-range van der Waals forces and electrical double layer forces, which 
collectively form the basis for the well-known DLVO theory (after Derjaguin, Landau, 
Verway, and Overbeek*!:!®3), van der Waals forces are generally attractive and result 
from induced dipole interactions between molecules in the colloidal particle and mol- 
ecules in the substrate. Electrical double layer forces result from the overlap of counter- 
ion clouds near charged surfaces and the change in free energy as the surfaces are moved 
closer or farther apart. The result is an attractive force for like-charged surfaces and a 
repulsive force for oppositely charged surfaces. 

Theoretical expressions based on DLVO theory for quantitative prediction of force and 
potential energy as a function of separation distance have been developed and validated 
for ideal systems where the assumptions of homogeneity, uniformly-charged, molecularly- 
flat surfaces are good approximations. However, these assumptions are likely to be 
strongly violated for real bacteria, as discussed below; therefore the actual nature of the 
long-range forces may be substantially different. Nonetheless, we discuss DLVO theory 
here only to provide a useful conceptual framework for understanding the relationship 
between long-range interaction forces and attachment of a colloidal particle to a surface. 

Figure 1 is a hypothetical plot of the interaction energy, f(z), as a function of separation 
distance, z, for a charged colloidal particle in a weak electrolyte near a flat plate accounting 
for contributions from the electrical double-layer repulsion and van der Waals attraction. 
The force on the particle at any separation distance, F(z), is proportional to the gradient of 
the potential energy, i.e., F(z) = - df(z)/dz. For like-charged surfaces, characteristic features 
of this plot are two minima separated by a maximum. The two minima correspond to 
positions of mechanical equilibrium: the secondary minimum results from a balance 
between long-range attractive and repulsive forces away from contact, and the primary 
minimum results from a balance between short range attraction and repulsive forces 
usually considered to be at the point of contact. In this view, the energy of primary 
minimum is the change in free energy upon the formation of a new interface between the 
particle and surface. Therefore, a thermodynamically stable primary minimum exists only 
if the free energy of the new interface is less than that of the two individual surfaces in 
contact with the medium. 

The rate at which particles will reach the primary minimum is determined by how 
quickly Brownian thermal fluctuations will provide the energy necessary to cross the 
energy barrier. It can be shown theoretically!*! that the rate at which particles spontane- 
ously cross the energy barrier and attach decreases exponentially with the height of the 
energy barrier, analogous to an Arrhenius reaction rate expression. Another viewpoint is 
that initial deposition corresponds to the cell reaching the secondary minimum to become 
weakly associated with the surface before the time-dependent, long-range molecular 
binding begin to create irreversible interactions (phase 2),!!* which is in essence a 
deepening of the secondary minimum over time. 

Because of the heterogeneous macromolecular structure of the cell surface, there are a 
number of serious limitations in applying theoretical expressions based on DLVO theory 
to make quantitative predictions of bacterial attachment. Several examples are listed 
below. 
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1. The concept of “separation distance” requires a clear delineation between “surface” and 
“medium”; however, the reference point to identify the separation distance is not obvious. 
For example, the charges involved in any electrostatic interations may be diffusely dispersed 
in the cell glycocalyx instead of in one flat layer. 

2. The characteristic length scale of the forces (<1 nm for electrical double layer interactions in 
physiological electrolyte solution) is often smaller than the characteristic size of the macro- 
molecules in the interface between the bacterium and the surface. 

3. The steric or bridging interactions of macromolecules in the interface (e.g., the glycocalyx) 
may dominate any DLVO forces.78 

4. The parameters required such as zeta potential and Hamaker constant can be difficult to esti- 
mate and reflect “average” properties of the cell surface, whereas macromolecules involved 
in the initial contact may have substantially different properties or interaction forces.!+ This 
is especially true for adhesin-mediated bacterial attachment, where the initial attachment may 
be due to the formation of a few specific higher-energy macro-molecular bonds.** Similarly, 
non-specific hydrogen bonding or hydrophobic interactions between cell surface appendages 
and sites on the substrate may also result in a long-range bridging interaction, which explains 
the common observation that short-range hydro-phobic forces can be involved in determin- 
ing the rate of bacterial deposition to surfaces.!© 

5. DLVO expressions that predict force versus separation distance assume that 
cell-substrate interaction is at thermodynamic equilibrium at any separation distance. 
However, as a cell approaches a surface, a significant amount of time may be required for 
macromolecules in the interface to bind to the substrate or to rearrange to lower 
free-energy configurations.” 


For these reasons, it is not surprising that application of DLVO theory to bacterial 
attachment studies has yielded mixed results, even in predicting of qualitative trends. More 
detailed and realistic theories that account for the macromolecular structure of the cell 
surface and the discrete binding interactions or steric repulsion due the macromolecules in 
the interface are needed. (For an example of such an approach refer to the work by 
Dickinson*? for a model that accounts for both macromolecular bridging and DVLO forces 
in particle deposition.) However, advancement of such theories will require more sophisti- 
cated force-measurement techniques, such as those described in Chapters 18 and 19. 

It was reported that atomic force microscopy (AFM) can be used to analyze the initial 
events in bacterial adhesion with unprecedented resolution.!*3 Interactions between the 
cantilever tip and confluent monolayers of isogenic strains of Escherichia coli mutants 
exhibiting subtle differences in cell surface composition were measured. It was shown 
that the adhesion force is affected by the length of core lipopolysaccharide molecules on 
the E. coli cell surface and by the production of the capsular polysaccharide, colanic acid. 
Furthermore, by modifying the atomic-force microscope tip a method was developed for 
determining whether bacteria are attracted or repelled by virtually any biomaterial of 
interest. This information will be critical for the design of materials that are resistant to 
bacterial adhesion. 13 


B. Molecular and Cellular Interactions (Phase 2) 
1. Adhesion to Solid Surface 


In the second phase of adhesion, molecular reactions between bacterial surface 
structures and substratum surfaces become predominant. It implies a firmer adhesion of 
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bacteria to a surface by the bridging function of bacterial surface polymeric structures, 
which include capsules, fimbriae or pili, and slime. In fact, the functional part of these 
structures should be adhesins which are part of these structures, especially when the 
substrata are host tissues. To understand the structure, composition, and functions of 
these surface elements, the cell wall description of Gram-negative bacteria by Wicken 
will be useful.!68 The bacterial cell wall has three regions, namely an outer membrane, a 
peptidodoglycan monolayer, and the inner plasma membrane. The two membranes may 
show continuity at various attachment points and may also be bridged by the basal bodies 
of flagellae. 

Bacterial capsules, firmly adherent as a discrete covering layer with a distinct margin 
on the bacterial cells (at the outside of the cell wall), are separated from extracellular 
slime. They can be seen in stained or unstained preparations as a clear zone surrounding 
the bacterial cell. They occur in both Gram-negative and Gram-positive bacteria. Most 
capsules are composed of polysaccharides and proteins. 100-151-158 In a number of studies it 
has been suggested that cell surface polysaccharides and proteins act as bacterial 
adhesins.**-77!°0 From a surface hydrophobicity point of view, different encapsulated 
coagulase-negative staphylococci (CNS) have different surface hydrophobicity and their 
hydrophobicity and adhesion appears to be reduced by proteolytic enzyme treatments, 
indicating the involvement of proteins. The presence of hydrophilic capsules reduced 
adhesion.’°7? It is suggested that the capsules of both Staphylococcus aureus and 
S. epidermidis are important factors in the pathogenesis of these bacteria. *! 

Fibrillae are the more amorphous surface adhesive structures which appear to lack the 
regular filamentous forms of fimbriae. Fibrillar structures has been observed at the surface 
of various streptococci and they are thought to contribute to the better adhesion onto 
hydroxyapatite substrata. !*? Sex pili are proteinaceous appendages which occur on donor 
strains of bacteria and whose formation is determined by the presence of conjugative 
plasmids. !49-!68 Many different types have been described on the basis of their plasmid 
determinants, diameter (8.5—9.5 nm), length (2-20 nm), and attachment of specific RNA 
and DNA phages. Flagella are composed of many polypeptides forming a filamentous 
hook (diameter: 20 nm) and a complex basal body which interacts with both outer and 
inner membranes.” !4? 

Fimbriae (or pili) are a group of rigid, straight, filamentous appendages on a bacterial 
surface and are often no more than 4 to 7 nm in diameter and from 0.2 up to 20 nm in 
length. The filamentous nature of fimbriae is often demonstrated by electron microscopy. 
They arise from proteins in the outer surface of the outer membrane and may extend for 
considerable distances beyond the outer membrane. On the bacterial surface usually 
several hundred to one thousand fimbriae are present.!*-+7 Bacterial fimbriae are polymers, 
composed primarily of identical protein subunits called pilin.*° They are most prominent 
in gram-negative bacteria and are believed to be a major adhesive structure on bacterial 
surface. For detailed description of different types of fimbriae, one may consult the 
reviews by Ørskov and Krogfelt.?”!*3 

Fimbriae may mediate bacterial adhesion by adhesins associated with fimbriae, such as 
F71, F8, and F13 adhesins,”>!!7 or by adhesive subunits (adhesins), such as the K88 
fimbriae*? and SS142 fimbriae.!!5 The nature of adhesins at large appeared more complex 
when bacteria were found to be adhesive but did not express fimbriae. It was possible to 
isolate adhesins (nonfimbrial adhesins) from these bacteria which did not form electron 
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microscopically recognizable structures. Fimbriae mediate adhesion also by fimbriae- 
dependent surface hydrophobicity, since fimbriated bacteria are often more hydrophobic 
than nonfimbriated ones and hydrophobicity is dependent on the types of fimbriae 
present.!°° Bacterial fimbriae are believed to be related to virulence. Gram-negative 
bacteria possessing fimbriae are more infectious than their nonfimbriated variants.°°!!° 

Slime is defined as an extracellular substance produced by the bacteria which may be 
partially free from the bacteria after dispersion in a liquid medium.” Capsules and slime 
are both subclasses of extracellular polymeric substances and are usually polysaccharides. 
An accumulated biomass of bacteria and their extracellular materials (slime) on a solid 
surface is called a biofilm. The slime produced by CNS is a loose hydrogel of poly- 
saccharides associated through ionic interactions.°! 

Bacterial strains not producing slime are less adherent and less pathogenic. 
Slime is thought to be important for intercell connection during surface colonization. 
Bacteria washed to remove slime showed a similar adhesion onto fluorinated 
poly(ethylenepropylene) (FEP) comparing to nonwashed bacteria.’* The current concept 
is that the production of slime will be especially important for events after the initial 
phase of adhesion, including colonization of various surfaces, protection against 
phagocytosis, interference with cellular immune response, and reduction of antibiotic 
effects. CNS which do not quickly adhere to the surfaces are rapidly killed by the immune 
system. Slime-forming CNS are less susceptible to vancomycin and other antibiotics 
following adhesion to biomaterials than bacteria grown in culture.'!? Such antibiotic 
resistance may be partly due to the slow growth rate of CNS in biofilm or to the limited 
transport of nutrients, metabolites and oxygen to and from the biofilm surface. Biofilm on 
biomaterial surfaces also protects bacteria by sequestering them from defense systems, 
including inhibition of PMN chemotaxis, phagocytosis and oxidative metabolism; 
depression of immunoglobulin synthesis; mononuclear lympho-proliferative response; 
killer cell cytotoxicity; and antibiotic action. Chronic infection occurs when a bacterial 
inoculum reaches critical size and overcomes the local host defenses. 

Specific adhesion can be defined as the selective binding between bacterial adhesin (a 
specific molecular component on bacterial surface) and substratum receptor (a specific 
component on material surface or tissue surface), and is less affected by many common 
environmental factors such as electrolytes, pH, or temperature. Specific adhesion of 
bacteria is believed to be important in the pathogenesis of prosthetic infections. 155-156 
Morris and McBride found that saliva-coated HA has two specific receptors for 
S. sanguis''® and this bacterium has distinct sialic acid lectins (adhesins) which are 
responsible for the adhesion onto saliva-coated HA.!%!!8 Specific adhesion was also 
proposed by Bayer et al. in 1983 by studying the process of Clostridium thermocellum 
adhesion to cellulose.® The adhesion was determined to be selective for cellulose as the 
observed adhesion was not significantly affected by various parameters including salts, 
pH, temperature, detergent, or soluble sugar, and seemed to be due to the specific interac- 
tion between the cellulose-binding factor (CBF) of the bacteria and surface of the 
cellulose substrata.’ A capsular polysaccharide adhesin from S. epidermidis strain 
RP62A was isolated by Tojo et al. in 1988.!°° The adhesin was composed of a complex 
mix of monosaccharides, bound well to silastic catheter tubing, inhibited adhesion of 
strain RP62A to the catheter, and elicited antibodies that both blocked adherence and 
stabilized an extracellular structure that appeared to be a capsule. Timmerman et al.!°° also 


18,19,26,89 
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found a proteinous adhesin of a strain of S. epidermidis (strain 354) which mediated the 
adhesion of this bacterium to polystyrene. 


2. Adhesins and Adhesion to Host Tissue 


The past few decades has resulted in a reasonable understanding of adhesion of some 
bacterial pathogens. Early studies were phenomenological, in that it was useful to 
determine if a particular bacterium could hemagglutinate, or bind to coated particles. Later 
studies revealed that adhesins were located on defined structures, such as fimbriae or 
outer membranes. Subsequently, some adhesins were isolated and characterized. Adhesion 
studies now are at the molecular level, with attempts to clone, sequence and study 
regulation of adhesin expression. Some efforts are being made to develop adhesin-based 
vaccines and to employ adhesin inhibitors in therapy. 

There are several generalizations that can be made about bacterial adhesion and 
adhesins: 


1. All bacteria seem to possess the ability to make multiple adhesins. The need for 
multiple adhesins is understood when considering the tendency bacteria have to adhere. 
Phase variations in bacteria enable a bacterium to escape from one environment and become 
adherent in another. Some bacteria produce multiple adhesins at the same time, raising 
the probability of successful colonization of a surface. 

2. Bacterial adhesins penetrate into the medium environment from a scaffold. Bacterial 
fimbriae are scaffolded onto the outer membrane, with adhesins often found on the very tips 
of the fimbriae. The fimbriae are particularly well-suited to interact with various soluble or 
insoluble substrata. The extension of fimbriae away from the cell surface helps the bacterium 
overcome repulsive forces. Sometimes adhesins are located on fibrillae, short, stubby 
appendages emanating from the cell surface. Fibrillae are anchored in either the cell wall or 
in the cytoplasmic membrane only to penetrate the wall. Fibrillae may carry lectins or they 
may recognize protein sequences. Fibrillae are more common in Gram-positive than in Gram- 
negative bacteria. “Bald” bacteria, devoid of surface appendages, such as fimbriae or 
fibrillae, have a low tendency to adhere to various surfaces. Bacillus subtilis is an example if 
a bacterium with little tendency to bind to animal tissues. Its spore however, binds to various 
surfaces because the spores are hydrophobic.* 

3. Adhesion does not dictate tropism. Escherichia coli is no better able to adhere to intestinal 
cells than it is to buccal cells, yet its natural environment is the intestine. Most E. coli in fact, 
can adhere to any mannosylated surface. Tropism is dictated by nutritional requirements, 
secretions, nearest neighbors, and other factors as well as by adhesion. 

4. Adhesion is the preferred way of bacterial life. Biofilms are unable to develop in the absence 
of adhesion. Adhesion seems to commonly (but not always) endow a bacterium with greater 
resistance to enzymes (lysozyme, etc), antibodies, antibiotics, and disinfectants. In some 
cases, the adherent bacterium is the superior competitor for nutrients.!”° 


Table 1 outlines some of the best-studied mechanisms of bacterial adhesion. All of 
them may be involved in biofilm development. Interactions between a bacterium and a 
substratum may involve the hydrophobic effect*? between hydrophobin adhesins and 
receptors. The hydrophobic effect is said to be nonspecific because any hydrophobin 
adhesin will interact with any hydrophobic receptor. It must be kept in mind, however, 
that the specificity determinants of the hydrophobic effect are poorly understood. Future 
research may reveal that complementary adhesin—-receptor complexes may have subtle stereo- 
chemical restraints, conferring specificity. The hydrophobic effect reduces the repulsive 
forces between interacting species, and probably contributes to most bacteri'um—subtratum 
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Table 1. Some Proposed Mechanisms of Microbial Adhesion* 


Adhesin Receptor Characteristics 


Hydrophobin Hydrophobin Nonspecific, temperature-dependent, high entropy change 

Lectin Glycoconjugate Specific for certain carbohydrates, reversible 

MSCRAMM Proteins (ECMs) Membrane or wall-bound proteins, protein or 
glyco-conjugate receptors 

Protein RGD sequence RGD-containing peptides inhibit 

Polyelectrolyte Polyelectrolyte Salts tend to inhibit 


*Derived from Dawson and Ellen 1990;” Doyle and Rosenberg 1990;* Hasty et al 1992; 
Ofek & Doyle 1994,!?? and Patti et al 1994.125 


complexes. The hydrophobic effect is much more pronounced at 37°C than at 0-4°C, 
making it possible to assess the extent of the effect in an adhesive event. Interactions 
between a bacterium and a surface depending solely on the hydrophobic effect are not 
known. Even the binding of bacteria to oil droplets involves multiple interacting 
components, witnessed by the tendency of bacteria to adhere next to each other on oil 
droplets.“ Missing components in research on hydrophobins are studies on the molecular 
bases of adhesin expression and presentation. In protein hydrophobins there may be clefts, 
akin to clefts for lectin saccharide binding sites of lectins. In many lectin binding sites, 
hydrophobic amino acids surround the carbohydrate-specific site rendering that site stable. 

As regards lectins in adhesion, there are numerous specificities known (Table 2). The 
most common appears to be mannose-specific. Many Enterobacteriaceae possess mannose 
lectins in their fimbriae.!? In E. coli, the lectin prefers hydrophobic mannosides, whereas 
in salmonellae, there appears to be no tendency to bind hydrophobic mannosides. Recent 
work suggests that a truncated Fim H (the lectin of type 1 fimbriae of E. coli) is a good 
candidate for a vaccine. Thus far, vaccines based on lectin adhesins are not promising. 
Many of the lectins are not immunogenic and strain variability is common. The role of 
lectin adhesins in biofilms is unknown. Some biofilm bacteria may express lectins, 
although specific saccharides do not often disrupt the biofilm structures. It is likely the 
initial adhesive events, leading to biofilm formation, can be inhibited by saccharides but 
once the biofilm is formed, the saccharides are unable to dissociate the bacteria from their 
environment. Detachment is known to be more difficult, compared to adhesion, even when 
E. coli binds to tissue culture cells. !?? 

Lectin adhesins have not only been described in enteric bacteria, but also in members 
of the genera Pseudomonas, Vibrio, Fusobacterium, Helicobacter, Haemophilus, 
Staphylococcus, Streptococcus, Actinomyces and numerous others. Specificities are 
known for Gal, Gal-1,4Gal, GalNAc, GlcNAc, Fuc, sialic acids and o-1,6 glucan. 
Streptococcus sobrinus has an interesting lectin in that the lectin binds to 7 to 10 inter- 
nally-linked o-1,6 glucose residues.4> The a-1,6 glucans are derived from extracellular 
streptococcal glucosyltransferases acting on sucrose. S. sobrinus is one of the few 
bacteria that can make its own adhesin (glucan-binding lectin or GBL) and substratum 
(a-1,6 glucan). This combination may play a prominent role in the development of dental 
plaques. Some oral bacteria use lectins to coaggregate, forming large masses of cells in 
subgingival spaces. It is not clear that these masses constitute a biofilm, even though 
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Table 2. Some Common Adhesins of Bacterial Pathogens 


Bacterium Adhesin Cell location Specificity 
Aeromonas sp. Protein Surface array Hydrophobin 
E. coli Type 1 (lectin) Fimbrium Mannose 
Type P (lectin) Fimbrium Gal-1,4 Gal 
Type G (lectin) Fimbrium GlcNAc 
Type S (lectin) Fimbrium Sialic acid 
LPS Outer membrane Unknown 
Mycoplasma pneumoniae PI protein Cytoplasmic membrane Sialic acids, sulfated 
glycolipids 
Neisseria gonorrhoeae PII protein Outer membrane Glycolipids 
Pseudomonas aeruginosa Lectins Cytoplasmic origin Fuc,Gal, hydrophobic 
saccharides 
Staph. aureus MSCRAMM Cell wall Collagen 
MSCRAMM Cell wall Laminin 
MSCRAMM Cell wall Vitronectin 
Staph. saprophyticus Lectin Cell wall GalGlcNAc 
Strept. sanguis Fim (lectin) Fibrillin Sialic acid 
Hydrophobin Cell wall Hydrophobin 
Strept. sobrinus Lectin Cell wall (Glc-1,6)6-10 
Strept. pyogenes M-protein Cytoplasmic membrane, Fibronectin 
LTA extending into cell Fibronectin 
periphery 


Results derived from Altwegg and Geiss, 1989;! Drake et al., 1988; Hasty et al., 1992;68 
Jacques 1996;78 Kahane et al., 1985;5 Krogfelt, 1991;99 Ma et al., 1995;!8 Nesbitt et al., 
1982;!?° Ofek and Doyle, 1994; !?? Patti et al., 1994128 


Abbreviations: 
Fuc, fucose 
Gal, galactose 
Glic, glucose 
MSCRAMM, microbial surface component recognizing adhesive matrix molecules; 
NAc, N-acetylglucosamine 
LPS, lipopolysaccharide 
LTA, lipoteichoic acid 


natural biofilms usually consist of mixed cellular communities. It is more likely the 
coaggregating bacteria are able to resist phagocytosis.4? 

Adhesins must be surface-exposed in order to serve an adhesive function (Table 2). 
One bacterium, P. aeruginosa, synthesizes two internal lectins called PA-I and PA-II. 
These lectins are synthesized only when carbon in the medium becomes limiting or when 
the cell density becomes high, suggesting a possible quorum-sensing type of regulation. 
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When the cells are no longer able to maintain a protonmotive force (PMF), a portion of 
the population lyses, releasing the internal lectins. The released lectins can weakly bind to 
nonlysed bacteria, enabling the bacteria to adhere to glycoconjugate-containing 
substrata.!©° This type of adhesion requires the lysis of some bacteria in order to assist the 
adhesion of survivors. Whether such a mechanism of adhesion is involved in the adhesion 
of P. aeruginosa to lung tissues of cystic fibrosis patients is unknown, although P. 
aeruginosa biofilms are common in such patients. If the lectins do indeed contribute to 
biofilm development in cystic fibrosis (or other situations involving P. aeruginosa), it 
would be interesting to determine if lectin inhibitors could modify the course of the 
infection/biofilm. 

Some staphylococci are able to adhere to various ECMs (Table 2). The staphylococcal 
adhesins (MSCRAMMSs) or microbial surface components recognizing adhesive matrix 
molecules.!2” These adhesins are able to bind fibronectin, collagen, laminin, vitronectin, 
heparin, etc. One clone may express one or more adhesins. The adhesins are not lectins in 
that neutral sugars or saccharides do not inhibit. Although MSCRAMMs have been 
studied the most in staphylococci, other bacteria are known to possess similar adhesive 
proteins. The MSCRAMMsSs are anchored in the cytoplasmic membrane or tightly bound 
to the cell wall. If wall bound, the adhesins may be released by bacteriolytic enzymes, 
such as lysostaphin, lysozyme or mutanolysin. Sometimes a single MSCRAMM may 
complex with several ECMs. The general redundancy of MSCRAMMs, especially in 
staphylococci, may ensure successful adhesion of the bacterium. It is likely MSCRAMMs 
can contribute to biofilm formation, as ECMs are readily abundant in tissues where 
biofilms are normally found. There are several cloned and sequenced MSCRAMMs, and 
regions defining adhesin activity, wall binding motifs or membrane spanning sequences, 
identified. A recent review on the molecular biology of MSCRAMMsSs is available.*+ 

Some bacteria produce cell surface proteins capable of recognizing RGD (arginine- 
glycine-aspartic acid) sequences. The RGD-binding proteins serve as adhesins, and RGD- 
containing peptides are generally good inhibitors of adhesion. Similarly, some bacteria 
express RGD-containing proteins, while some animal cell proteins are complementary to 
the sequence.!?’ Fibronectin is known to possess an RGD sequence recognizable by group 
A streptococci, Treponema denticola and a few other pathogens. RGD-containing peptides 
are not known to modify biofilm masses. although it is likely an RGD peptide could have 
prevented adhesion leading to biofilm development involving some bacteria. 

Finally, some bacteria are not able to express known lectins, MSCRAMMs or RGD- 
binding proteins. These bacteria are found more commonly in the nonanimal cell 
environments and their adhesive capacity may depend on the composite effects of charge 
interactions. Of particular importance is the adhesion of bacteria to ion-exchange resins, 
glass beads and ceramic supports.°* The density of adherent bacteria bound to solid 
supports is much greater than the numbers of bacteria achievable in suspension. The high 
density, combined with metabolism enhanced by adhesion, has resulted in increased 
production of commercial products. Bacterial adhesion to solid supports may lead to 
biofilm, providing the adherent bacteria secrete polymeric matrix materials. A somewhat 
neglected area of study is biofilm physiology. How do bacteria in biofilms respond to 
feast and famine, ions, pH fluctuations, nearest neighbors, cold or heat shocks, osmotic 
changes, etc. More is known about the physiology of adherent bacterial masses from an 
industrial viewpoint than from a medical or environmental viewpoint. 
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As an example of a neglected area in biofilm research, it is known that some bacteria 
must obligatorily shed (turnover) their cell wall during growth.*! The extent of this turn- 
over can be as high as 50% of the wall material per generation. Turned-over wall 
components in biofilms include peptidoglycan fragments and teichoic acids. These 
components could supply nutrients for unrelated bacteria which are members of the 
biofilm community or the turnover components could bind to cells capable of competing 
with such glyconjugates. In Gram-positive bacteria, the turnover products cannot be reuti- 
lized and are simply shed into the surrounding medium. In Gram-negative bacteria, the 
turnover products may cause turgor on the outer membrane, resulting in the formation of 
blebs or membrane vesicles.'7' Membrane vesicles therefore contain muramy] peptides 
and lipopolysaccharide which can act synergistically to cause inflammation. Beveridge et al.!° 
have suggested that membrane vesicles in biofilms may be predatory, as the vesicles also 
contain autolysins and periplasmic hydrolases. It is predicted that vesicle research in 
biofilm will soon see an increased activity. 


I. BACTERIAL ADHESION 
AND SUBSEQUENT IMPLANT OR TISSUE INFECTIONS 


A. Bacterial Adhesion and Subsequent Implant Infections 


Based on several reports, staphylococci are the most important pathogens of implant 
infection. S. epidermidis, which was once recognized as a nonpathogen, is the cause of a 
large percentage of late or chronic infections, whereas S. aureus remains a common 
pathogen for prosthetic infections, especially those occuring relatively early on.*!788 
Our previous review shows a roughly equal incidence of S. epidermidis and S. aureus 
causing prosthetic hip joint infections, accounting for 50 to 60% of all infections since 
1980.7 This estimate agrees with the calculation by Sanderson.'*? A trend of increasing 
CNS infections is noted, rising from 13% in the 1970’s to 25% in 1980’s and 33% in 1990s. 

Staphylococci are members of the Micrococcaceae family, characterized as 
Gram-positive, nonmotile, catalase-positive, coagulase-negative, aerobic or faculatively 
anaerobic cocci. Strains are distinguished by coagulase and mannitol fermentation test. 
S. aureus is coagulase-positive and S. epidermidis is negative. Coagulase-negative 
staphylococci (CNS) are a normal component of the skin flora, and S. epidermidis is the 
most common species and most predominant.!°’ CNS are widely recognized as 
significant pathogens in patients with infections associated with orthopedic prosthesis or 
implants, prosthetic heart valves, vascular prostheses, cerebrospinal fluid shunts, urinary 
tract catheters, peritoneal dialysis catheters, and others. S. aureus causes more severe and 
more rapid infection than S. epidermidis and its effects may therefore be more clinically 
obvious at an earlier stage after surgery. S. epidermidis is less virulent and the clinical 
features less severe than that with S. aureus. 


1. Bacterial Colonization of Biomaterial Surfaces 


Bacterial adhesion to biomaterial surfaces is the initial step in the pathogenesis of 
prosthetic infections.’ Generally, bacteria come from two sources. The most obvious one 
is direct contamination of the wound and prosthesis surfaces during surgery, when bacteria 
have a chance to reach these surfaces from the patient’s skin and air. 

The second type of contamination is hematogenous or lymphatic seeding from 
infections elsewhere in the body.°!*7! Theoretically, bacteria can reach the prosthesis 
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as early as the time of operation or as late as few years after when an infection, such as 
periodontal abscess or urinary tract infection, occurs elsewhere in the body. Bartzokas et al.’ 
reported four cases of prosthetic infection caused by strains of S. sanguis. For each patient 
the strain of the S. sanguis isolated from the mouth (severe periodontal disease and caries) 
was indistinguishable from that isolated from the infected prosthesis. In a recent report, 
two cases of hip arthroplasties were infected by Mycobacterium tuberculosis 18 months 
and 14 years after the surgery.!°? The primary source was pulmonary tuberculosis. It is 
very clear from these two reports that the infection was caused by hematogenous bacterial 
seeding. 

Bacteria attach to material surfaces by the actions of physical forces (phase 1). If the 
local environment is suitable to bacteria, such as abnormal tissue integration and a weak 
host defense, bacteria will remain viable on the material surface and complete the second 
phase (phase 2) of adhesion by secreting exopolysaccharides. 


2. Tissue Integration and Bacterial Invasion 


Tissue biofilms are glycoproteinaceous-conditioning films consisting of albumin, 
collagen, fibronectin, vitronectin and other proteins.'*> Plasma proteins rapidly coat any 
biomaterial introduced into the body and modify the extent of bacterial adhesion. The 
expression “race for the surface” refers to a contest between tissue cell integration of, and 
bacterial adhesion to, an available implant surface.®* Once a biofilm is established on 
the surface, it is not easily traumatized or altered. If tissue integration occurs first at the 
surface, the biomaterial becomes relatively resistant to subsequent bacterial colonization. 
If bacterial adhesion occurs first, then host cells can seldom displace the primary 
colonizers on that portion of the surface, establishing conditions for eventual infection.”* 

Thus, the susceptibility of biomaterials to infection is a function not only of the number 
and type of bacteria but also the time needed for tissue integration on the implanted surface 
versus the time needed for adhesion of bacteria to the same surface. When prosthetic 
loosening occurs due of technical or mechanical reasons, the local tissue integration is 
damaged by the process of loosening, and the local environment may become susceptible 
to bacterial duplication or hematogenous bacterial seeding and subsequent infection. 

Many strains of CNS elaborate copious amounts of slime after adhesion to a surface. 
This slime/bacteria complex probably enhances the subsequent growth of bacteria on the 
surface of biomaterials and inhibits recovery of the bacteria during routine diagnostic 
procedures. The biofilm provides a favorable surface colonization by either the bacteria 
or eukaryotic cells, whichever makes contact first.!!!>7 On biomaterials such as metallic 
alloys, binding sites are further modified by ionic and glycoproteinaceous constituents 
from the host environment. In addition to these specific interactions, exposed surfaces 
may also act as catalytic surfaces for close-range molecular and cellular activities. These 
interactions can be dramatically changed by variations in local pH, inflammation and 
tissue damage caused by such factors as surgery, trauma and infection. 

Merritt et al.!!> reported that the presence of bacterial growth can have a significant 
effect on the corrosion of stainless steel, and raised the question that we should rethink the 
role of infection in complications following the use of metallic implants. Significant 
destruction of a hydroxyapatite (HA) coating after exposure to bacteria has also been 
reported, and this may lead to a better understanding of prosthetic loosening.» These 
findings raised questions and concerns about the damage to implant surfaces caused by 
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bacteria and the effects to the host tissue by the subsequent harmful products produced 
from the interaction between bacteria and material surface. These effects can change the 
local physiological environment, such as pH value and chemical compositions of tissue 
fluid, and consequently stimulate bacterial duplication or aggravate existing infections. 
Due to their unique characteristics, the adherent bacteria can stay on the material surface 
for a long period of time because of their behavioral changes resulting in resistance to 
antibiotics>©”-°:!74.162 and the human immune system.36150.161 


3. Effects of Implants 


The effects of an implant on the incidence of bacterial colonization and subsequent 
infection have been summarized by Dougherty*?“° and include a foreign body reactivity 
leading to local tissue damage and inflammation, harmful effects of the implant to local 
host defenses and the effects of trapping and sequestering of bacteria. Foreign body 
reaction has long been recognized as a very important infection-promoting factor? and 
this concept has been verified both experimentally and clinically. The determinants of 
implant reactivity include chemical composition of the implant material,” surface 
characteristics such as surface configuration or particle size,°* implantation site, and 
mechanical interactions with host tissues.!!4 

Particulate wear debris is another important factor which can stimulate inflammation 
and facilitate prosthetic loosening. If sufficient stimulus exists, inflammation will occur.*? 
The products of inflammation will trigger the local defense system to release tissue toxic 
enzymes and oxygen-free radicals. The later will further damage the local tissues. If 
precolonized or hematogenous seeded bacteria are present, infection may occur. 

Contact between neutrophils and the implant surface can impair leukocyte bactericidal 
capacity.!!4!7? Using a tissue cage model, Zimmerli et al.!’? demonstrated that, when 
compared to neutrophils from peripheral blood, polymorphonuclear neutrophils from 
sterile tissue cages showed decreased phagocytic and microbicidal activity. The 
mechanism of this effect from the implant is not clear, but some evidence exists 
suggesting that the local release of lysosomal enzymes and oxygen free radicals from 
leukocytes triggered by contact with the implant surface may damage leukocytes them- 
selves, or that certain metal ions like nickel or cobalt can interfere with bacterial phago- 
cytosis by neutrophils. !3? 

The variety and complexity of implant surface configurations provide bacteria with 
harbors which protect them from the impact of host defense systems and antibiotics. 
Porous and multifilament surfaces are examples of this effect, and these surfaces have a 
much higher implant-site infection rate.84103 


4. Effects of Host Endogenous Factors 


The susceptibility of the human body to infection is high after implantation surgery 
since both the insertion of a foreign body (implant) and the tissue inflammation caused by 
the surgical procedure provide a favorable local environment for bacterial colonization. If 
the immune system functions normally and the local tissues are in a healthy state that 
allows for normal healing, there will be no bacterial colonization, no bacterial aggrega- 
tion and no infection. Certain individuals are more predisposed to prosthetic infection, 
such as those with rheumatoid arthritis, !7>!!99-! previous joint surgery,!> previous joint 
sepsis,*+9! remote infection at the time of surgery,!> diabetes mellitus,!> or those with an 
immune deficiency. These patients are especially susceptible to hematogenous infections.’ 
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B. Bacterial Adhesion and Subsequent Tissue Infections 


The bacterial requirements for pathogenicity, as summarized by Smith,!4” include 


infection of the mucous surfaces (adhesion), entering the host through these surfaces, 
multiplication in the environment of the host, interference with host defense system, and 
damaging the host tissue. 

Most bacterial infections are initiated by the adherence of microorganisms to host 
tissues. Bacteria usually attack the susceptible animal or human at mucosal surfaces of 
the oral cavity, respiratory, gastrointestinal, or genitourinary tract. To colonize these 
surfaces they must penetrate a number of nonspecific defense barriers including cleansing 
mechanisms such as sneezing, coughing, peristalsis and fluid flow. Some micro-organisms 
escape recognition by soluble immune or nonimmune molecules, and bind to the mucosal 
surfaces via specialized molecules exposed on their surface (adhesins) which recognize 
and interact with complementary molecules (receptors) on the surface of specific host 
cells. This is the key step in the pathogenesis of infectious diseases which is currently the 
subject of intensive investigation. Adherence, however, is also a virulence factor through 
which microbes gain access to host tissues, upset the integrity of the mucosal barrier, and 
cause disease. The induction of mucosal inflammation is one aspect of this process. 
Bacterial attachment to mucosal surfaces activates the production of pro-inflammatory 
cytokines that cause both local and systemic inflammation. Here the mechanism and the 
role of adherence in different bacterial infections are briefly discussed. 


1. Oral Infections®) #37 2167 


Adherence to a surface is a key element for colonization of the human oral cavity by 
the more than 500 bacteria recorded from oral samples.!° In the oral cavity, there are 
three surfaces available: teeth, epithelial mucosa, and the nascent surface created as each 
new bacterial cell binds to existing dental plaque. Oral bacteria exhibit specificity for 
their respective colonization sites. Such specificity is directed by adhesin-receptor pairs 
on genetically distinct cells. Colonization is successful when adherent cells grow and 
metabolically participate in the oral bacterial community. 

Streptococci express arrays of adhesins on cell surfaces that facilitate adherence to oral 
substrates. A consequence of this binding ability is that streptococci adhere simultaneously 
to a spectrum of substrates, including salivary glycoproteins, extracellular matrix and 
serum components, host cells, and other microbial cells. Adhesion facilitates colonization 
and may be a precursor to tissue invasion and immune modulation. Many of the strepto- 
coccal adhesins and virulence-related factors are cell-wall-associated proteins.8%83 

Bacterial fimbriae have been shown to play an important role in the interaction between 
bacteria and host cells or among bacterial cells.°’ The fimbrial structure of Porphyromonas 
gingivalis is composed of 41-kDa fimbrillin proteins which exhibit a wide variety of 
biological activities including immunogenicity, binding to various host proteins, 
stimulation of cytokine production, and promotion of bone resorption. Actinobacillus 
actinomycetemcomitans also possesses fimbriae; however, little is known about their 
biological properties. Fimbriae of Prevotella intermedia are shown to induce hemaggluti- 
nation, while those of P. loescheii are found to cause coaggregation with other bacteria. 
Fimbriae from Gram-positive oral bacteria such as oral Actinomyces sp. and S. sanguis 
may participate in coaggregation, binding to saliva-coated hydroxyapatite or surface 
glycoprotein of epithelial cells. Taken together, fimbriae are key components in cell-to- 
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surface and cell-to-cell adherence of oral bacteria and pathogenesis of some oral and 
systemic diseases.°’ 

P. gingivalis is a major etiological agent in the initiation and progression of severe 
forms of periodontal disease.!°* Colonization of the subgingival region is facilitated by the 
ability to adhere to available substrates such as adsorbed salivary molecules, matrix 
proteins, epithelial cells, and bacteria within an existing biofilm on tooth or epithelial 
surfaces. The binding may be mediated by various regions of P. gingivalis fimbrillin, the 
structural subunit of the major fimbriae. P. gingivalis is an asaccharolytic organism, with a 
requirement for hemin and peptides for growth. At least three hemagglutinins and five 
proteinases are produced to satisfy these requirements. Many of the virulence properties of 
P. gingivalis appear to be consequent to its adaptations to obtain hemin and peptides. Thus, 
hemagglutinins participate in adherence interactions with host cells, while proteinases 
contribute to inactivation of the effector molecules of the immune response and to tissue 
destruction. In addition to direct assault on tissue, P. gingivalis can also modulate 
eucaryotic cell signal transduction pathways, directing its uptake by gingival epithelial 
cells. Within this privileged location, P. gingivalis can replicate and impinge upon 
components of the innate host defense. A variety of surface molecules stimulate production 
of cytokines and other participants in the immune response. P. gingivalis may also under- 
take a stealth role whereby pivotal immune mediators are selectively inactivated. !° 

Most oral bacteria exhibit coaggregation, cell-to-cell recognition of genetically distinct 
cell types.°°°” Many interactions appear to be mediated by a lectin on one cell type that 
interacts with a complementary carbohydrate receptor on the other cell type. A lactose- 
sensitive adhesin has been isolated from Prevotella loescheii PK1295. Other adhesins 
have been identified. One S. sanguis adhesin is a lipoprotein that appears to have a dual 
function of recognizing both a bacterial carbohydrate receptor and a receptor in human saliva. 
Carbohydrate receptors for some adhesins have been purified from several streptococci, and 
they specifically block the coaggregations with the streptococcal partners that express the 
complementary adhesins. Coaggregation offers an explanation for the temporally related 
accretion of dental plaque and bacterial recognition of mucosal surfaces. 

Bacterial adhesion to oral surfaces have been reviewed extensively.4879-105,116,146 Also 
see Chapters 6, 23, and 33 in this volume. 


2. Respiratory Infections'*0.1%6 


Normally, the mucosa of the nasooropharynx, trachea, and major bronchi is colonized 
with aerobic and anaerobic microbes.!*° Thus epithelial cells coexist with the microbial 
flora and are not overgrown with it. Also, the physiologic functions of the mucosa 
(protective barrier, mucociliary clearance, and air humidification and warming) are not 
impeded. A balance is maintained during health in which epithelial cell integrity — a 
function of proper nutrition, available secretory immunoglobulins and glycoproteins, and 
ciliary motion — resists the microbe’s attempt to attach via specialized receptors (pili) or 
by proteolytic destruction of local proteins. When colonization is excessive and 
aspiration of more microbes into the lower airway occurs, infection is likely. Certain 
bacteria such as Streptococcus pneumoniae and Hemophilus influenzae, which are associ- 
ated with chronic bronchitis, illustrate a mechanism in which the host—microbial balance 
may be upset by selective impairment of a host protein, secretory IgA1. Alternatively, 
cilotoxic microbes (mycoplasma) can favor colonization of bacteria when mucosal clear- 
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ance mechanisms are impaired. Last, mucosal integrity can be breached by noxious gases 
or inflammation that may allow bacteria entry into the submucosal that provides a nidus 
for infection.!*° 

In pathological conditions, the mucociliary clearance may be severely reduced, and 
mucus-associated bacteria may multiply and infect the underlying epithelium. Only a few 
bacteria have been shown to adhere to ciliary membranes of functionally active ciliated 
cells. Therefore, the first way in which most of the respiratory pathogens associate with 
the airway epithelium is likely to be by their adhesion to mucus. Some bacteria also secrete 
products that may affect ciliary function, cause cell death or epithelial disruption. 
Respiratory pathogens that do not bind to normal ciliated cells may readily adhere to 
injured cells or exposed extracellular matrix. Also following injury, epithelial respiratory 
cells in the process of migration, in order to repair the wounds, may present receptors to 
which bacteria adhere. The adhesion to all of these epithelial receptors may contribute to 
the chronicity of many bacterial respiratory infections. 130 

Methods of studying bacterial adhesion to respiratory mucosa have been summarized 
by Plotkowski et al. in this volume (see Chapter 34). 


3. Gastric Infections!*3>:'48 


Attachment of the bacterium to polarized gastric epithelial cells causes damage to 
microvilli and stimulates actin polymerization, which is associated with adherence 
pedestal formation.?!-148 Helicobacter pylori can directly contribute to the injury of gastric 
epithelial cells by the elaboration of cytotoxic factors. The first toxin identified from H. 
pylori, known as vacuolating cytotoxin, induces vacuole formation in eukaryotic cells. 
Elaborated enzymes by H. pylori may also contribute directly to epithelial cell injury. 
Ammonia produced through urease activity may be toxic to gastric epithelial cells. H. 
pylori protease and lipase degrade gastric mucus and disrupt the phospholipid-rich layer 
at the apical epithelial cell surface, allowing for cell injury from back diffusion of gastric 
acid. This cell injury may lead to cell death, resulting from induction of apoptosis. H. 
pylori, through direct pathogenic mechanisms, contributes significantly to the gastric 
mucosal injury associated with this infection, and may enhance the susceptibility of gastric 
epithelial cells to carcinogenic conversion. !48 

H. pylori adherence, the production of a vacuolating cytotoxin and bacterial enzymes 
all contribute to epithelial damage. Recruitment and activation of immune cells in the 
underlying mucosa involves H. pylori chemotaxins, epithelial-derived chemotactic 
peptides (chemokines) such as IL-8 and GRO-@, and pro-inflammatory cytokines liberated 
by mononuclear phagocytes (TNF-a, IL-1 and IL-6) as part of nonspecific immunity. 
Antigen-specific cellular immunity results in a predominant Th1 lymphocyte response 
with an increase in IFN-gamma secreting T-helper cells, whilst humoral responses lead to 
the production of anti-H. pylori antibodies and complement activation. Molecular 
mimicry of host structures by H. pylori, with the generation of specific immunity directed 
against self-antigens may also contribute to host injury. Progress in molecular biology has 
revealed considerable genomic diversity amongst H. pylori strains, with cag+ bacteria 
being associated with increased chemokine and cytokine responses and more severe 
degrees of gastric inflammation. Strain hetereogeneity may contribute towards the wide 
spectrum of disease manifestations encountered in clinical practice. !* 
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See Chapter 36 for methods on studying bacterial adhesion to gastric mucosa. The 
readers are also referred to the review by Evans and Evans.*? 


4. Intestinal Infections?7>©9>.140.141,153 


In general, bacteria causing gastrointestinal infection need to penetrate the mucous 
layer before attaching themselves to epithelial and other absorptive cells in the intestine. 
This attachment is usually mediated by fimbriae or pilus structures although other cell 
surface components of bacteria may also take part in the process. Adherent bacteria 
colonize intestinal epithelium by multiplication and initiation of a series of biochemical 
reactions inside the target cell through signal transduction mechanisms (with or without 
the help of toxins). Alternatively, adherent bacteria induce extensive rearrangement of the 
cytoskeletal structure of the epithelial cell thereby making more intimate contact with the 
cell or even forcing their entry into it. This is followed by bacterial multiplication and 
intercellular spread leading to eventual death of the target cell.*° 

Attachment is not only a mechanism of tissue targeting but also a first step in the patho- 
genesis of many infections. The attaching bacteria engage in a “crosstalk” with the host 
cells through the mutual exchange of signals and responses. Enteropathogenic E. coli 
(EPEC) induce cytoskeletal rearrangements in epithelial cells and cause attaching/effacing 
lesions. Shigella sp. and Listeria sp. invade the cells and cause actin polymerization. 
Bacteria have the ability to trigger mucosal inflammation through activation of cells in 
the mucosal lining. Receptors for bacterial adhesins bind their ligands with a high degree 
of specificity and that ligand-receptor interactions trigger transmembrane signaling events 
that cause cell activation. Receptors for microbial ligands thus appear to also fulfill the 
same criteria as those used to define receptors for other classes of ligands such as hor- 
mones, growth factors, and cytokines. !>? 

EPEC, first described in the 1940’s and 1950’s, remain an important cause of severe 
infantile diarrhea and hemorrhagic colitis. EPEC do not produce enterotoxins and are not 
invasive; instead their virulence depends upon exploitation of host cell signaling path- 
ways and the host cell cytoskeleton both as a means of colonizing mucosal surfaces 
of the small intestine and causing diarrhea. Bacteria-induced signal transduction activates 
the receptor that allows tenacious adherence of the bacteria to the host cell surface. Both 
type IV fimbriae and a type III secretion apparatus play principal roles in interactions 
between the bacteria and host cells. Following initial mucosal attachment, EPEC secrete 
"signaling" proteins and express a surface adhesin, intimin, to produce attaching/effacing 
lesions in the enterocyte brush border membrane characterized by localized destruction of 
brush border microvilli, intimate bacterial adhesion and cytoskeletal reorganization and 
accretion beneath attached bacteria. The pathophysiology of EPEC diarrhea is also 
complex and probably results from a combination of epithelial cell responses including 
both electrolyte secretion and structural damage.?7° 

The pathogenesis of shigellosis and bacillary dysentery is characterized by the capacity 
of the causative microorganism, Shigella, to invade the epithelial cells that compose the 
mucosal surface of the colon.!4°!4! The invasive process encompasses the entering of 
bacteria into epithelial cells which involves activation of signaling pathways that elicit a 
macropinocitic event. Upon contact with the cell surface, S. flexneri activates a Mxi/Spa 
secretory apparatus, through which Ipa invasins are secreted. Two of the invasins, IpaB 
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(62 kDa) and IpaC (42 kDa), form a complex which is itself able to activate entry via its 
interaction with the host cell membrane. This interaction elicits major rearrangements of 
the host cell cytoskeleton, essentially the polymerization of actin filaments that form 
bundles supporting the membrane projections which achieve bacterial entry. Active 
recruitment of the proto-oncogene pp 60c-src has been demonstrated at the entry site with 
consequent phosphorylation of cortactin. Also, the small GTPase Rho is controlling the 
cascade of signals that allows elongation of actin filaments from initial nucleation foci 
underneath the cell membrane. The regulatory signals involved as well as the proteins 
recruited indicate that Shigella induces the formation of an adherence plaque at the cell 
surface in order to achieve entry. Once intracellular, the bacterium lyses its phagocytic 
vacuole, escapes into the cytoplasm and starts moving the inducing polar, directed 
polymerization of actin on its surface. In the context of polarized epithelial cells, bacteria 
then reach the intermediate junction and engage their components, particularly the 
cadherins, to form a protrusion which is actively internalized by the adjacent cell. Bacteria 
then lyse the two membranes, reach the cytoplasmic compartment again, and resume 
actin-driven movement. 

Suggested further readings on bacterial adhesion to intestinal mucosa are the articles 
by Dean-Nystrom*? and Donnenberg and Nataro.*® 


5. Urinary Tract Infections??:135.137,138 


Urinary tract infections are caused by a variety of Gram-negative bacteria that ascend 
into the urinary tract and establish a population of 2105 bacteria/mL of urine.”* Bacterial 
adherence to the uroepithelium is recognized as an important mechanism in the initiation 
and pathogenesis of urinary tract infections. The uropathogens originate predominantly in 
the intestinal tract and initially colonize the periurethral region and ascend into the bladder, 
resulting in symptomatic or asymptomatic bacteriuria. Thereafter, depending on host 
factors and bacterial virulence factors, the organisms may further ascend and give rise to 
pyelonephritis. Considerable progress has been made in identifying bacterial adhesins 
and in demonstrating bacterial receptor sites on uroepithelial surfaces. Several studies 
have identified natural antiadherence mechanisms in humans as well as possible increased 
susceptibility to urinary tract infections when these mechanisms are defective and when 
receptor density on uroepithelial cells is altered.!*> 

Initially, bacterial adhesion occurs via bacterial fimbriae in the case of Gram-negative 
bacteria, while Gram-positive bacteria adhere more frequently via extracellular poly- 
saccharides. Urinary tract infections occur most frequently because of adherence via P 
fimbriae of uropathogenic E. coli. P fimbriae are important in cystitis as well, while type 
1 fimbriae (mannose-sensitive fimbriae) and nonfimbrial adhesins may also be responsible 
for its initiation. The usual initiating mechanism in bacterial infections involves bacterial 
adhesion to specific molecules on cell surfaces or secreted mucosal components, followed 
by invasive disease. The tip proteins of P fimbriae of E. coli lead to the initiation of 
urinary tract infection.!7* Adhering bacteria and adhesin-positive P fimbriae (binding to 
glycolipid receptors) stimulated cells to secret significantly more IL-6 than non-adhering 
bacteria or adhesin-negative P fimbriae. This is a receptor-mediated transmembrane 
signaling, which results in the induction of cytokines and subsequent tissue 
inflammation.?? 

Chapter 22 and 37 describe methods for studying bacterial adhesion to urinary tract 
and catheters. 
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6. Septic Arthritis and Osteomyelitis?” !26-154.165 


S. aureus strains isolated from patients with septic arthritis or osteomyelitis possess a 
collagen receptor present in two forms, which contains either two or three copies of a 
187-amino-acid repeat motif. Collagen receptor-positive strains adhered to both collagen 
substrata and cartilage in a time-dependent process. Collagen receptor-specific antibodies 
blocked bacterial adherence, as did pre-incubation of the substrate with a recombinant 
form of the receptor protein. Furthermore, polystyrene beads coated with the collagen 
receptor bound collagen and attached to cartilage. Taken together, these results suggest 
that the collagen receptor is both necessary and sufficient to mediate bacterial adherence 
to cartilage in a process that constitutes an important part of the pathogenic mechanism in 
septic arthritis. 154 

Hudson et al.”> investigated the ability of S. aureus to associate with chick osteoblasts 
in culture and demonstrated internalization of bacteria by the osteoblasts. Two strains of 
S. aureus were examined that were ingested by osteoblasts to different extents, suggesting 
strain differences in uptake. Initial association of S. aureus strains with osteoblasts 
was independent of the presence of matrix collagen produced by the osteoblasts. 
Internalization of bacteria required live osteoblasts, but not live S. aureus, indicating 
osteoblasts are active in ingesting the organisms. The bacteria were not killed by the 
osteoblasts, since viable bacteria were cultured several hours after ingestion. Bacterial 
internalization may be an important step in the pathogenesis of osteomyelitis. 

The surface-adherent mode of bacterial growth has been shown to play a pivotal role in 
the persistent nature of infections involving retained foreign bodies, biomaterials, or dead 
bone (e.g., osteomyelitis). Bone and implant materials provide a surface environment that 
promotes a type of bacterial growth characterized by an enhanced antibiotic resistance. 
Antibiotic resistance was found to vary with mode of bacterial growth. For the 
staphylococcal subtypes, adherent growth on bone was associated with the most 
antibiotic resistance. !® 


7. Pathogenesis of Candida Infections!®74121 


Candida infections of the skin and superficial mucosal sites are the result of an 
interplay between fungal virulence and host defenses. Epidermal proliferation and T 
lymphocyte immune responses are expressed by the host to combat fungal invasion, but 
inflammatory responses and nonspecific inhibitors also probably play a role. Candida 
albicans can express at least three types of surface adhesion molecules to colonize 
epithelial surfaces (protein-protein interactions, lectin-like interactions, and incompletely 
defined interactions in which the adhesive ligand is as yet unidentified), plus an aspartyl 
proteinase enzyme able to facilitate initial penetration of keratinized cells. Deeper 
penetration of keratinized epithelia is assisted by hypha formation, and C. albicans hyphae 
may use contact sensing (thigmotropism) as a guiding mechanism. Pathogenesis requires 
differential expression of virulence factors at each new stage of the process: a propensity 
for rapid alteration of the expressed phenotype in C. albicans may therefore be a 
significant factor in establishing the comparatively high pathogenic potential of this 
species. 74121 

Candida albicans is frequently isolated from the mouth. Oral candidiasis presents 
clinically in many forms, reflecting the ability of the yeast to colonize different oral 


20 An, Dickinson, and Doyle 


surfaces and the variety of factors which predispose the host to Candida colonization 
and subsequent infection. Colonization of the oral cavity appears to be facilitated by 
several specific adherence interactions between C. albicans and oral surfaces, which 
enable the yeast to resist host clearance mechanisms. Candida has been shown to adhere 
to complement receptors, various extracellular matrix proteins, and specific sugar resi- 
dues displayed on host or bacterial surfaces in the oral cavity. Oral candidiasis results 
from yeast overgrowth and penetration of the oral tissues when the host physical and 
immunological defenses have been compromised. Tissue invasion may be assisted by 
secreted hydrolytic enzymes, hyphal formation, and contact sensing. !® 

C. albicans adhesion to tissues has been reviewed by Segal and Sandovsky-Losica 
and by Samaranayake and Ellepola in this book (see Chapter 38). 


8. Other Infections 


Group A streptococci are nonmotile and have no structures that would enable them to 
penetrate submucosally into the pharynx. Reed et al.!3%4 have found that these bacteria 
adhere to host pharyngeal mucosal cells called Langerhans cells that are motile and could 
transport them into deeper tissues, causing pharyngitis. 

Infective endocarditis begins with adherence of microorganisms to cardiac tissues. 
These tissues have often been previously damaged, creating a thrombotic lesion consisting 
of platelets and fibrin. Circulating microorganisms localize to this lesion. The tissue 
specificity of endocarditis likely results from interactions between cell-surface 
determinants on the endocardium, platelet, and microorganism. Interference with these 
binding events may offer a means of modifying the course of the infection. See Chapter 
35 for methods for studying bacterial adhesion to endothelial cells. 

In eye infections, gonococci possess long range adhesins in the form of pili permitting 
initial contact with conjunctival cells. Subsequently, sticky surface protein (Protein II) 
bonds the Gonococcus close to the host cell surface. Damage is mediated both by the 
intracellular uptake and the introduction of pores in the cell membrane. Pseudomonas can 
only attach to damaged cells but once the eye is invaded a wide range of enzymes and 
toxins leads to rapid tissue destruction. The mechanisms by which Chlamydia trachomatis 
induce trachoma are ill-understood but involve intense antigenic stimulation. !64 

Lyme disease affects several major organ systems and leads to chronic illness. The 
pathogenic organism, Borrelia burgdorferi, shows preference for cell surfaces and tissues 
which may explain the paucity of isolations but also displays characteristic nonspecificity 
in its adherence to eukaryotic cells. This lack of specificity may explain its capacity to 
reside and injure vastly different tissues.* 
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I. INTRODUCTION 


Bacterial infections are responsible for a broad spectrum of human illnesses and medical 
device complications. For example, urinary tract infections caused by Escherichia coli 
affect over 7 million people annually and are among the most common infectious diseases 
acquired by humans.*? Enteropathogenic E. coli (EPEC) and shiga toxin-producing 
E. coli (STIC) are diarrhoegenic pathogens causing serious health problems in both 
industrialized and developing countries.*°!> Helicobacter pylori have been found to be a 
main factor in the development of gastric and duodenal ulcers and are believed to be a 
causitive factor of gastic cancer.*4 Staphylococcus aureus and Staphylococcus epidermidis 
are major causes of infections associated with wounds, indwelling catheters, and cardio- 
vascular and orthopedic implant devices, !:!19:2425.35.49.56.59 

Bacteria have a strong tendency to attach to surfaces. Attached cells will form a colony 
(biofilm) consisting of prokaryotic cells, surrounded by a matrix of biomolecules secreted 
by the cells. Although the structure and functions of biofilms are as varying as the type of 
bacteria, the same four step process is always followed in the creation of the biofilm.?!>7 

During the first step, a series of small molecules (initially water and salt ions) will 
adsorb to the surface. Subsequently, the substrate surface will be covered with a 
single layer of small organic molecules or proteins that are present in the medium. The 
mixture of water, ions and proteins is called conditioning film and is always present 
before the first microorganisms arrive at the surface.!7>° 

The second step is characterized by the initially reversible adsorption of micro- 
organisms to the conditioning film. The microbes arrive by Brownian motion, gravitation, 
diffusion, or intrinsic motility. They may also adhere to each other forming microbial 
aggregates before adsorbing to the conditioning film. Since the microorganisms adhere to 
the conditioning film and not the surface itself, the strength of the initial biofilm depends 
on the structure of the conditioning film.*?° 

The initially reversible adsorption becomes irreversible, mainly through the secretion 
of exopolymeric substances by the adsorbed microorganisms in step three.!840 These 
substances will incorporate in the conditioning film and strengthen its cohesiveness. In a 
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few cases, an entirely microbially derived conditioning film has been observed.’ Once 
bound to the surface, many bacterial strains, including S. aureus and S. epidermidis, 
additionally form a polysaccharide based biofilm surrounding the bacterial colony. 
Biofilm effectively inhibits phagocytosis and makes the contained bacteria impervious to 
antibiotics, thus making implant removal an essential part of treatment once an infection 
is established. !2,2425,35.56 

Finally, the number of microorganisms in the biofilm accumulates mainly through 
in situ cell growth. The final structure and composition of the biofilm is determined by 
these initial events. Other aspects such as the influence of surface active compounds 
secreted by the microorganisms,*! the hydrodynamic environment,*** the surface rough- 
ness,”*° the available nutrients,®?? and the attraction and adhesion to other microorgan- 
isms from the surrounding medium*?°*73 are thought to be of secondary importance 
regarding the final outcome of the biofilm.’ 

Bacterial adhesion leading to infection can be divided into three distinct categories: 
specific adhesion to host cell surface molecules, specific adhesion to extracellular matrix 
and blood plasma derived molecules, and adhesion to biomaterial surfaces of medical 
devices. In this chapter, an overview of the current understanding of the molecular 
basis of bacterial adhesion as it pertains to each of the three categories of bacterial adhesion 
is presented, followed by modeling of bacterial adhesion based upon the general prin- 
ciples governing molecular adhesion. Particular emphasis is given to interactions between 
the initially arriving microorganisms and the conditioning film at the molecular level. 


Il. MICROBIAL ADHESION 
TO EXTRACELLULAR MATRIX MOLECULES 


The interactions of arriving microorganisms with a conditioning film on a surface are 
usually mediated by specific binding events between adhesins on the microbe surface and 
receptors of the extracellular matrix (ECM). Receptor binding may subsequently activate 
a series of complex signal transduction cascades in the host cell, which may be either 
inhibitive or beneficial to bacterial invasion. In several bacterial species, including 
E. coli, Pseudomonas aeruginosa, Vibrio cholerae, and Salmonella enteritidis, adhesins 
are presented at the tips of complex cell-surface structures which extend from the outer 
cell membrane called pili or fimbriae.** Pili are classified as P, type 1, type IV, and curli, 
each with distinct structural organization and assembly mechanisms. Alternatively, 
nonpilus adhesins may be directly presented from the bacterial cell surface as well.>? 

The molecular basis for bacterial adhesion to ECM molecules has been widely studied, 
and found to occur through specific binding mechanisms involving both piliated and 
nonpilated bacterial adhesins. These processes involve integrins which are a family of 
heterodimeric (af) cell-surface receptors that recognize specific ECM submolecular 
structures.“ While much remains to be learned of the specific molecular mechanisms 
involved, bacterial cells have been found to utilize many of these same cell wall receptors to 
specifically adhere to ECM molecules, including fibronectin, collagens, laminin, 
vitronectin, thrombospodin, elastin, bone sialoprotein and GAGs like heparin, heparan 
sulphate, and chondroitin sulphate.*4 Bacterial adhesins, which bind with ECM, are termed 
microbial surface components recognizing adhesive matrix molecules (MSCRAMM).3743-44 

One of the most widely studied systems of bacteria-ECM interaction is S. aureus 
binding to fibrinogen. Fibrinogen is specifically recognized by several host cell integrins, 


Molecular Basis of Bacterial Adhesion 31 


including the platelet integrin O4;,83.47 Two of the most widely understood fibrinogen 
binding proteins expressed by S. aureus strains are called clumping factors A and B (CIfA 
and CIfB). Studies have indicated that CIfA binds exclusively with the y-chain of 
fibrinogen, while CIfB binds to both æ- and B-chains.!° 

CIfA is a 933 residue protein which includes a 520 residue region that contains its 
fibrinogen binding domain. This binding domain is preceded by a very interesting 
molecular structure consisting of 154 repeats of a serine-aspartate dipeptide sequence.!? 
At a physiologic pH of 7.4, the carboxylic acid side groups of the aspartic acid residues 
will be deprotonated (thus carrying a single negative charge on each residue) and the 
interdispersed hydroxyl side groups of the serine residues will be strongly hydrophilic. 
The repulsion of the sequential aspartic acid residues coupled with the hydrophilicity of 
the serine residues should thus provide a large electrostatic driving force to extend the 
adhesin outward from the bacterial cell surface, much like hairs standing up on one’s head 
when electrostatically charged. 

Studies suggest that CIfA binds to two distinct sites in the y-chain of fibrinogen by 
molecular structures very similar to the fibrinogen-binding integrin, O83. CIfA and 
the platelet receptor O83; have been found to recognize the same 400-411 residue 
section at the extreme C-terminus of the fibrinogen y-chain (residue sequence ... HHLGGA- 
KQAGDV), and studies have shown that alteration of only the last four residues 
(... AGDV) is sufficient to inhibit CIfA binding.>”? The y-chain binding site of CIfA has 
been mapped to a region of the Oym polypeptide of the Omp; integrin and both contain the 
Ca** binding EF-hand motif found in many eukaryotic calcium ion binding proteins. The 
EF-hand motif consists of about 12 residues, with the proposed CIfA sequence being 
DSDGNVIYTFTD, which represents residue numbers 310-321 in the protein. The 
sequence letters indicated in bold are the residues specifically involved with cation 
binding. These residues form a coordination sphere for the divalent cation and are flanked 
by a-helices which provide support structure for this motif to maintain proper functional 
conformation. 

Studies have shown that high concentrations of calcium ions inhibits ClfA-fibrinogen 
binding in a manner similar to that observed for integrin-ligand binding. !? Thus, calcium 
ion concentration serves as an important regulator of S. aureus binding to fibrinogen. The 
second fibrinogen binding site of CIfA, which is also the Oy integrin binding site, 
involves fibrinogen y-chain residues 190-202. Similar to O&yB>, this CIfA binding site also 
includes a cation-binding metal ion-dependent adhesion site (MIDAS) motif. 19 The CIfB 
protein does not have an EF hand-like tertiary structure, however, it does possess a 
MIDAS-like motif, such that the binding of both CIfA and CIfB to their fibrinogen ligand 
sites are regulated by Ca?* concentration. The specific binding sequences in CIfB and 
their role in ligand binding have not yet been elucidated to the extent of CIfA.!? 

S. aureus also has been found to express MSCRAMM adhesins for both fibronectin 
(FnbpA and FnbpB) and collagen.!334 Studies have shown that there are at least two 
binding sites on fibronectin, one occurring in its N-terminus domain, and the other in its 
C-terminus domain.** Although the molecular details of these interactions have not been 
as widely reported in the literature as the fibinogen binding system, the actual structure of 
an S. aureus collagen-binding adhesin has been determined and is available in the 
Brookhaven Protein Data Base under protein code 1[AMX. 
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Figure 1. Molecular structure of the globotetraose-binding site of a class II PapG. Oxygen 
and hydroxyl groups indicated in bold are believed to form hydrogen bonds with the adhesin. 
Adaped from Striker et al.*? 


I. HOST CELL ADHESION MECHANISMS 


Bacterial adhesion to host cells of the urinary tract has been found to occur by specific 
molecular interactions between adhesins located on the distal tip of pili extending from 
the bacterial outer membrane and receptor molecular structures present on the host cell 
outer surface. Although the exact molecular structures involved for many of these 
interaction are yet to be determined, the specific binding mechanisms involved in a few 
systems have been relatively well characterized. 

Uropathogenic E. coli has been shown to adhere to erythrocytes and uroepithelial cells 
of the kidney and urinary tract.”8>? Studies have revealed that this specific binding event 
occurs between PapG adhesins located at the tip of P pili and Galo(1-4)Gal saccharide 
epitopes in the globo series of glycolipids. This saccharide structure has been determined 
to be linked by a B-glucose residue to a ceramide group anchoring the receptor in the host 
cell membrane. The receptor-binding domain of PapG has been determined to lie in the 
N-terminus of the protein. An example of the globotetraose-binding site of a class II PapG 
is presented in Figure 1. Studies involving sequential functional group replacement in 
Gala(1-4)Gal have revealed that PapG binds to this receptor, in part, by hydrogen binding 
with a series of five oxygen atoms located along the edge of the disaccharide surrounding 
a central hydrophobic core.”® 

Uropathogenic E. coli expressing type-1 pili tipped with the FimH adhesin (a 30-kDa 
protein®!) have been shown to specifically bind to mannosylated integral membrane 
glycoproteins (uroplakins) presented from the luminal surface of bladder epithelial cells 
using a murine cystitis model.*? This bacteria exhibits a very interesting but not yet fully 
understood mechanism to facilitate close bacteria—host cell interactions. Host cell 
contacting pili were found to be only 0.12 um in length in contrast to the typical 1-2 um 
length for non-contacting pili. This suggests a possible pili retraction mechanism to 
enhance tight bacterial—host cell apposition, with subsequent possible host-cell 
internalization of the E. coli?’ Sokurenko and coworkers?! investigated the differences in 
the 300 residue sequence of FimH and their respective adhesive characteristics for 
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fourteen E. coli strains. This study revealed that the FimH sequences where essentially 
homologous to one another except for 2 specific residue changes involving a swapping of 
arginine and serine residues at positions 70 and 78. The exchange of these two residues 
was found to result in distinct differences in bacterial adhesion. Although not well 
understood, this alteration is believed to influence the structure of the saccharide binding 
pocket in FimH for mannose binding.>! 

A different bacterial mechanism has been found to occur for the mucosal lining of the 
intestine leading to microvilli effacement and diarrhea. A four stage infection process has 
been suggested involving initial attachment of enteropathogenic E. coli bacteria (EPEC) 
to the microvilli enterocyte cell surface: 


1. A nonpiliated adhesin mechanism; 

2. Type II bacterial secretion of 80kDa proteins (E. coli secreted protein, EspE) 
which mediate cytoskeleton disruption and the formation of tyrosine-phosphorylated trans- 
located intimin receptors (TIR) on the host-cell surface for intimin binding; 

3. Intimin-binding mediated bacterial attachment to the intestinal mucosa; and 

4. Bundle-forming pili (BFP) mediated bacterial colonization. !5?6 


Others have suggested that BFP serves as the adhesin controlling initial host cell contact 
as well as bacterial colonization.” 

S. aureus can bind to endothelial cells through its fibrinogen binding clumping factors 
CIfA and CIfB. Adhesion studies found that the preferential attachment of S. aureus to 
umbilical vein endothelial cells is mediated by fibrinogen adsorbed from plasma. 
Antifibrinogen antibodies could block the binding, indicating the specificity. Cheung et al. 
found that fibrinogen acts as a bridging molecule, attaching to both endothelial and 
S. aureus cell-wall integrins with each of its two y-chains.!! 

Finally, some bacteria use the integrin on endothelial cells to invade the host. 
Filamentous hemagglutinin (FHA), an adhesin formed as a50 nm monomeric rigid rod of 
Bordetella pertussis, interacts with two classes of molecules on macrophages, galactose 
containing glycoconjugates and the (3, integrin which binds to the Arg-Gly-Asp (RGD) 
sequence in FHA.” Intimin, the outer membrane protein of E. coli also binds specifically 
to Oy» integrins and is inhibited by RGD containing peptides.” 


IV. ADHESION TO BIOPOLYMERS AND BIOMATERIALS 


A. Natural Biopolymers 


In natural heterogeneous microbial ecosystems (such as soil or an aquatic 
environment), adherence of a cell to a solid surface confers several competitive 
advantages. The ability to bind to a solid biopolymer (such as the cellulose fiber to which 
the filamentous bacterium, Thermomonospora curvata, has bound itself in Figure 2) 
provides the cells with a reliable constant carbon and energy source.”’ The adhesion not 
only brings its surface bound enzymes (cellulosomes*!) into intimate contact with the 
substrate, but also affords it prime access to whatever soluble depolymerization products 
are released by their catalytic action. Cellulosomal organization and molecular structure 
of its complex components has been most extensively studied in the mesophilic anaerobe, 
Clostridium cellulovorans. Its cellulosome is composed of three major subunits: as 
caffolding protein, an endoglucanase, and an exoglucanase.!® The binding of cellulolytic 
microbes such as Clostridium cellulovorans to cellulose-containing substrate surfaces is 
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Figure 2. Filamentous bacterium Thermonospora curvata bound to cellulose fiber. 


mediated by one or more of a heterologous group of cell surface-bound proteins 
containing cellulose binding domains (CBD). These CBDs have been classified into 10 
families (I-X) on the basis of amino acid sequence homology.> The amino acid sequences 
of CBDs in C. cellulovorans and C. josui show high homology with those from other 
cellulolytic genera such as Bacillus. CBDs in this family contain several highly conserved 
amino acid sequences:*° 


1. Tryptophane-asparate-phenylalanine-asparagine-asparate-glycine-threonine 
2. Isoleucine-alanine-alanine-isoleucine-proline- glutamine 
3. Isoleucine-leucine-phenylalanine-valine-glycine 


The cell surface-bound cellulosome in Clostridium species and in others is a complex 
of adherence and catalytic proteins. A major cellulosomal subunit (EngE) has been 
recently characterized.>4 EngE is anchored via a protein having triple-repeated surface 
layer homology (SLH) domains at the N-terminus; these domains appear to integrate into 
the lattice of the cell surface peptidoglycan-surface protein complex; they also bind with 
hydrophobic domains of the EngE. Therefore the cellulosic surface adhesion architecture 
in C. cellulovorans consists of catalytic units which have specific cellulose-binding 
domains, hydrophobic domains which act as linkers between the catalytic units and the 
SLH domains, and the SLH which integrates into the peptidoglycan-teichoic acid- 
lipoteichoic acid lattice which is the major structural component of the bacterial cell 
wall.* This attachment structure appears similar to that complexed with other surface- 
bound exoenzymes in related bacteria.*® 


B. Synthetic Biomaterials 


In vivo, coagulase-negative staphylococcal (CNS) (in particular S. epidermidis) and 
S. aureus are the leading causes of infection for body fluid-contacting medical devices, 
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including intravascular catheters, cerebrospinal fluid shunts, prosthetic artificial heart 
valves, orthopedic devices, cardiac pacemakers, chronic peritoneal dialysis catheters, and 
vascular grafts, !9.25-35.49.58,59 

Serum proteins, such as albumin, fibronectin, fibrinogen and laminin, have been found 
to readily adsorb nonspecificially to biomaterial surfaces following body fluid exposure.*! 
These adsorbed proteins form the conditioning film onto which specific bacterial adhesion 
takes place in mechanisms very similar to those that govern bacterial adhesion to 
extracellular matrix components.!** An additional factor unique to biomaterials, 
however, is that the serum protein adsorption process may abnormally denaturate the 
proteins structure, thus potentially exposing binding sites not normally present in either 
the soluble or ECM form of the proteins. Fibrinogen is one of the major plasma proteins 
adsorbed onto implanted biomaterials and the adhesion of S. aureus to adsorbed 
fibrinogen and fibrin is an important initiator of infection!*:!974 The specific adhesion 
mechanisms between bacteria and surface bound fibrinogen/fibrin are believed to be 
essentially the same as those which occur for bacteria adhesion to fibrinogen as an ECM 
component and have been addressed in the previous section. 

Fibronectin is another predominant glycoprotein component of plasma which is 
incorporated into the fibrin matrix during blood clot formation and which also readily 
adsorbs to implant surfaces following blood contact.°? This macromolecule is a dimeric 
glycoprotein composed of a series of domains comprising different combinations of type 
I, type II, and type IN modules.”4 S. aureus has been shown to specifically bind to both 
soluble and adsorbed fibronectin, but has little affinity for fibrinogen incorporated into 
thrombi by itself without preexposure of the bacteria to soluble fibronectin." Binding has 
been found to involve at least two S. aureus MSCRAMM fibronectin-binding proteins, 
known as FnbpA and FnbpB, and at least two binding sites on fibronectin involving both 
the N- and C-termini.*4*4 FnbpA and FnbpB are identical to one another apart from their 
N-terminal regions which is only 45% homologous.!*4 In contrast to this, coagulase 
negative staphylococcus (CNS) does not bind soluble fibronectin; however, it exhibits 
significant affinity for the N-terminus domain of fibronectin incorporated into fibrin 
thrombi or immobilized on plastic surfaces.*4°? These differences between soluble and 
bound fibronectin are believed to reflect conformational changes induced by adsorption; 
although soluble fibronectin has a globular structure, the two arms of the dimer are 
believed to unfold upon binding to expose previously hidden binding sites.°° 

Another pathway for bacterial infection involves the secretion of exopolymeric 
substances following initial bacterial adhesion to implant surfaces. S. epidermidis, for 
example, colonizes within a self-generated viscous biofilm largely composed of polysac- 
charides. This amorphous extracellular matrix substance enhances bacterial adhesion to 
biomaterials surfaces and provides the bacterial colony with protection from antibiotics 
and phagocytoses.!3>-493 The process of colonization and biofilm production by 
S. epidermidis involves several key molecular interactions. S. epidermidis strains produce 
two similar insoluble polysaccharides, termed polysaccharide adhesins (PS/A) and 
polylsaccharide intercellular adhesins (PIA). PS/A production is generally correlated with 
bacterial adherence to biomaterial surfaces, apparently by nonspecific adsorption mecha- 
nisms, with subsequent biofilm formation and bacterial colonizaton mediated by PIA.*® 
PS/A is a high-molecular-weight variably N-succinylated (65-100%) B-1,6-linked N 
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Figure 3. Molecular models illustrating intermolecular interactions as a function of 
chemical structure and environment. Plots present calculated heats of formation versus 
functional group separation distance (SD) in air and water. Dotted lines indicate energy at 
infinite separation. A) Ionic interaction between a positively charged amine functional group 
and a negatively charged carboxylic acid side-group of a glutamic acid residue. B) Polar 
interaction (hydrogen bonding) between a hydrophilic hydroxyl functional group and a 
hydrophilic hydroxyl side-group of a serine residue. C) Nonpolar interaction between a 
hydrophobic methyl functional group and a hydrophobic methyl side-group of an alanine 
residue. (Calculations conducted using semi-empirical quantum mechanical theory using 
MOPAC/PM3 with COSMO water simulation; CAChe Software, Oxford Molecular, 
Beaverton, OR.) 


acetylated glucosamine.*® NMR data suggests that PIA has an unbranched structure with 
B-1,6 interglycosidic linkages containing at least 130 residues. PIA is reportedly made up 
two primary types of polysaccharides, termed PS I (80%) and PS II (20%). PS I has 80 to 
85% N-acetyl-p-glucosaminyl residues, with the remainder being non-N-acetylated posi- 
tively charged b-glucosaminy]l residues which are apparently randomly distributed along 
the chain. PS II is similar to PS I, however, it contains fewer non-N-acetylated side groups 
and a small number of phosphate and ester-linked succinyl residues, giving the overall 
chain a moderately anionic character.?5354 The unbranched, long-chain structure of PS I 
and PS I, combined with their distributed anionic and cationic charges, is believed to be 
important for both intercellular adhesion and biofilm adherence, with van der Waals, elec- 
trostatic, and hydrogen bonding mechanisms providing molecular attraction between 
polysaccharide chains.*° 
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Recent studies have found some evidence for cell-to-cell signaling in bacterial biofilms 
adsorbed to surfaces such as in the growth of Pseudomonas aeruginosa adsorbed onto 
glass.'+ Cell-to-cell signaling in bacterial biofilms may alter antibiotic resistance or 
adherence characteristics of other pathogens on medical implant surfaces. 


V. MODELING MICROBIAL ADHESION 


Molecular adhesion involves noncovalent intermolecular interactions governed by 
either secondary bonding between induced dipolar and dipolar functional groups (also 
referred to as physical bonding or van der Waals bonding) or electrostatic interactions 
between charged functional groups.!° Although individual secondary bonds and electro- 
static interactions within an electrolyte solvent (i.e., physiologic saline) are relatively weak 
compared to primary chemical bonds, their combined effects can result in very strong 
binding between macromolecules. The reader is referred to Chapter 1 for a review of 
intermolecular interactions. 

These three basic types of secondary bonding and ionic interactions are graphically 
presented in Figure 3, which presents molecular models of 3 sets of molecules illustrating 
hydrophobic, neutral hydrophilic and ionic interactions. Two energy vs distance plots are 
presented for each model; one representing the calculated system heat of formation versus 
molecular separation in a solvent free environment (i.e., air) and the other in an aqueous 
solution. The net adsorption enthalpy for each set of molecules represents the difference in 
the heats of formation between the molecules at infinite separation compared to the system 
heat of formation when they are closely associated. From these energy plots, the hydro- 
phobic functional groups are shown to only weakly attract one another over a short range 
of only about 6 A in both the air and aqueous environments. In an aqueous environment, 
however, additional effects due to the entropy associated with the orientation of water 
molecules surrounding the functional groups provide an even larger thermodynamic 
driving force to minimize the solvent accessible surface, thus tending to strongly bind 
hydrophobic groups together. In contrast to this, interaction between the polar hydrophilic 
hydroxyl groups is shown to provide a relatively strong short-range molecular attraction in 
air but an effective energy barrier to binding in an aqueous environment due to preferential 
adsorption of water. Finally, interactions between positive and negative charges in an ionic 
system show very long-range strong attraction in air with close ion group association in the 
bound state. However, in an aqueous environment the ionic functional groups show long- 
range but relatively weak attraction with the low energy binding state, predicting that the 
functional groups are separated by a distance approximately equal to two water molecules, 
thus representing a solvation layer about each charged group. 

These results have recently been measured using atomic force microscopy (AFM). The 
interactions between uncharged glycolipids with varying head-groups and the organic 
surfaces of self-assembled monolayers (SAMs) were measured in deionized water. It was 
found that in the absence of ions, the water structure surrounding the organic layers 
influences the adhesion. The presence of Ca?* ions produced an enhanced attraction 
between sialic acid and the ganglioside GM1.° 


VI. CONCLUDING REMARKS 


As discussed above, the critical first step in the development of bacterial infections of 
tissues and medical devices involves bacterial adhesion to host cells, ECM glycoproteins, 
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or biomaterials surfaces. These binding mechanisms most often involve very specific 
submolecular interactions, many of which are still not well understood. Therapies which 
can prevent or disrupt these molecular mechanisms have great potential for development 
as alternatives to antibiotics for the prevention and treatment of infection, thus 
emphasizing the importance of research directed toward the elucidation of the molecular 
basis for bacterial adhesion. 
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I. INTRODUCTION 


It has been estimated that in natural environments ninety nine percent of all bacteria 
exist in biofilms, or at least reside at surfaces.® To date, bacterial attachment or adhesion 
to both natural and artificial surfaces has been examined in many different contexts. These 
include attachment to inert (solid and agar) and animate (eukaryotic cells) surfaces. In the 
vast majority of cases little is known about how bacteria attach to these surfaces. Recent 
advances, particularly in the area of bacteria adhering to eukaryotic cells, have pointed to 
the importance of surface organelles and receptors in the attachment process. Following 
attachment, growth on solid surfaces results in the formation of a biofilm, and in most 
cases this contributes to biofouling. Advances in fluorescent microscopy and reporter 
gene-fusion technology have provided a means of detecting altered gene expression as it 
occurs during microbial growth at surfaces and within biofilms (see Chapter 12). 

Contemporary research has focused on elucidation of the process of adhesion of 
bacteria to human, animal and plant cells. These studies also provide a conceptual frame- 
work for understanding how bacteria may attach to surfaces, leading to paradigms that 
explain initial bacterial—-surface interactions. Adhesion to animal cells (human and other- 
wise) proceeds via a mechanism that requires receptor—ligand interactions and altered 
expression of target cell genes.!! Factors on the bacterial cell surface for attachment 
include fimbrial and afimbrial adhesins. This chapter will highlight recent advances made 
towards revealing the genes and molecules necessary for bacterial adhesion to surfaces 
and cells. The oral cavity offers an accessible model system for studying global concepts 
of bacterial adhesion and it is in this environment that many principles of biofilm 
formation on implanted inert devices have evolved. Whittaker et al.,?? and Jenkinson and 
Lamont!” have provided comprehensive contemporary reviews on this topic. 


II. ATTACHMENT 


A. Flagella and Fimbriae as Antennae 
Flagella have been extensively studied as the locomotory apparatus of bacterial cells. 
Like fimbriae, flagella (Fig. la) are large complex protein assemblages spanning the 
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Figure 1. (a) Transmission electron micrograph of a negatively stained bacterium with 
sheathed bipolar flagella (Helicobacter sp). Magnification x12000. (b) Transmission 
electron micrograph of sheathed filament (F), hook (H) and basal body (BB) of these flagella 
revealed after Teepol treatment. The rings of the basal body correspond to the MS, P and L 
rings (S.J. Danon, personal communication). Magnification x150000. (c) Diagram of some 
key structures of a flagellum. Based on the Caulobacter crescentus flagellum.? Micrographs 
courtesy of S.J. Danon and J. O’ Rourke. 
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bacterial cell wall. Protein subunits exposed in the hook and filament of flagella 
(Fig. 1b,c) may be ideally positioned to mediate adhesion to either animate or inert 
surfaces. Interestingly, research into the induction of lateral flagella of marine Vibrio sp. 
suggests that during surface colonization flagella may function as mechanosensors instead 
of adhesins.'® These particular bacteria exist in the marine environment as planktonic 
rod-shaped cells, 2 um in length, and containing a single polar flagellum (swimmer cells). 
They also colonize both animate and inert surfaces in the marine environment. In 
laboratory contrived systems surface attachment leads to conversion of the swimmer cell 
into a swarmer cell, more than 30 um in length and possessing many lateral flagella. This 
alteration of the bacterial cell morphology allows the swarmer cell to efficiently colonize 
the surface with which it has interacted. The polar flagellum of the swimmer cell derives 
energy for rotation from sodium ion transport, whereas the lateral flagella utilize proton 
transport. Specific inhibition of rotation of the polar flagellum by agents that block 
sodium ion channels results in production of lateral flagella.'® Together these observations 
suggest that when a swimmer cell approaches a surface, the rotation of the polar flagellum 
will be negatively affected. The decrease in rotation (or sodium ion flux) provides a signal 
to up-regulate surface-specific genes (in this case lateral flagella). In this way the polar 
flagellum acts as a mechanosensor sensitive to the proximity of a surface. In aquatic and 
marine environments there are many swimming bacteria that also have the ability to 
colonize surfaces. It is anticipated that future investigations will reveal other bacteria that 
commonly employ flagella as mechanosensors during surface colonization in natural 
ecosystems. 

In Pseudomonas aeruginosa flagellar function is directly coupled to adhesion to mucin. 
Mutations in the fliF gene lack the MS ring (the flagellum’s base), are nonmotile and 
nonadhesive.! In addition, the expression of both adhesin and flagella are dependent on 
transcriptional activators (FleQ and FleR) that function in concert with the alternative 
sigma factor RpoN. The reason for this co-regulation has not been established and it is 
possible that flagellar protein components are the actual adhesins in this system.’ The role 
of flagellar genes in early stages of attachment to inert surfaces has been investigated by 
transposon mutagenesis coupled with time-lapse video microscopy.** In that 
investigation it was suggested that Pseudomonas aeruginosa flgK mediates a role for 
flagella in initial cell-to-surface attachment. The same observation has been made for 
Escherichia coli where it was shown (using defined fli, flh, mot and che alleles) that 
motility, but not chemotaxis, was critical for biofilm development. Motility was 
specifically required for normal initial attachment and movement along a surface.”° 

Fimbriae (or pili) are filamentous structures composed of protein subunits found on a 
variety of bacterial cell surfaces (including Escherichia coli, Haemophilus influenzae, 
Pseudomonas aeruginosa, Vibrio cholerae, Neisseria sp., Moraxella sp.). The role of 
fimbriae in bacterial adhesion during pathogenesis has been the topic of a wide variety of 
investigations and has recently been reviewed by Finlay and Falkow.!! Several important 
themes have emerged from these studies. First, specific fimbriae-dependent, bacterial- 
host cell interactions depend on protein resident either in the body of the filament, or at 
the tip. Second, fimbriae bind to specific receptors on the host and activate host cell genes 
and signal transduction pathways leading to enhanced adhesion or invasion. It is intrigu- 
ing to speculate that fimbriae may have a broader role in attachment of bacteria to surfaces 
outside of the realm of bacterial pathogenesis. An investigation in E. coli has implicated a 
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role for type I pili in initial attachment to inert surfaces (polyvinylchloride plastic).”° This 
is in contrast to a second study, which indicated that fimbriae are not involved in 
attachment of E. coli to urinary catheters.*® A role for fimbriae in attachment of the 
marine bacterium Hyphomonas has been investigated. Using transmission electron 
microscopy of synchronized populations, it has been shown that the timing of 
fimbriae production correlates with the adhesion stage of the developmental cycle of 
Hyphomonas.”! 


B. The Role of Specific Bacterial Cell-Wall Protein Receptors 


It is certainly possible that receptor—ligand interactions could be a very important aspect 
of bacterial attachment to both inert as well as living surfaces. Such a process could 
provide specificity determinants that allow bacteria to selectively colonize a particular 
environment or surface. Many contemporary studies in this area have focused on bacterial 
colonization of animate surfaces. Studies most relevant to colonization of inert surfaces 
are discussed here. 

Streptococci express an array of cell surface components that are important for adhesion 
to host cells. It has been proposed that the type of adhesin used will depend upon the 
strain, environmental factors and the receptor expressed by the host cell.!* Further, these 
authors suggest that, adhesion of streptococci to host cells proceeds through an initial 
reversible attachment followed by irreversible binding. They have subsequently provided 
evidence that suggests that the reversible step involves a hydrophobic interaction between 
the host cell and lipoteichoic acid of the bacterial cell wall. Additional results with the 
streptococcal M protein adhesin indicated that subsequent irreversible adhesion required 
exposed M protein.’ The two-stage model for attachment (loose reversible binding 
followed by more secure irreversible attachment) is exactly analogous to what is likely to 
happen when bacteria colonize inert surfaces during biofilm formation. 

An important class of adhesins includes factors that bind specifically to extracellular 
matrix (ECM) components. Fibronectin (Fn) is a major component of the ECM and a 
number of recent studies have focused on establishing the role of Fn-binding proteins in 
bacterial adhesion. Using a combination of biochemical and genetic approaches, Konkel 
et al.!? have demonstrated that the gram-negative bacterium Campylobacter jejuni 
expresses a 37 kDa outer membrane protein. This protein binds to Fn. Interestingly, the 
amino acid sequence of the protein (CadF) is 52% similar to the root adhesin protein from 
Pseudomonas fluorescens. This finding suggests that similar outer membrane proteins act 
as adhesins in diverse environments. Further experimentation is warranted to examine 
whether such adhesins are widespread in bacteria. 

Greene et al.!? employed a genetic approach to demonstrate that expression of both of 
the Staphylococcus aureus cell-wall associated Fn-binding proteins (FnBPA and FnBPB) 
were required for adhesion to Fn-coated coverslips. Mutated S. aureus harboring an 
insertion in either the fnbA or fnbB gene was not defective in the adhesion assay, but the 
JnbA-fnbB double mutant was completely defective in adhesion. If either wild type gene 
was supplied separately on a multicopy plasmid, Fn-mediated adhesion was restored. 
Furthermore, the double mutant was defective in adhesion to coverslips explanted after 
subcutaneous implantation of guinea pigs which indicates that the FnBPA-FnBPB/Fn- 
interaction is important in S. aureus attachment to biomaterials in vivo.!* This demon- 
strates the potential of an adhesin to direct attachment to either a living surface or an inert 
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surface so long as extracellular material is first deposited on the inert surface. It is likely 
that inert surfaces decorated with remnants of biological substances provide niches that 
are widespread in many diverse environments. This being the case, then it is also likely 
that cell-specific adhesins may be co-opted for the process of colonizing inert as well as 
living surfaces. 


II. GENES NECESSARY FOR BIOFILM FORMATION 


What is the fate of the bacterial cell after attachment to a surface? The genes and 
molecules involved in this process have been reviewed recently with regard to bacterial- 
animal cell interaction!! and bacterial—plant cell interaction." In contrast, much less is 
known about genes specifically required for maintenance of bacterial growth on inert 
surfaces. Initially, a nude surface exposed to an environment is coated with adsorbed 
organic molecules followed by a bacterial biofilm. Subsequent biofouling occurs as a 
result of continual accumulation of biological material. The genetic control of biofilm 
formation and maintenance is a young science, and less is known about the complex 
interactions that occur during late stages of biofouling. One system that has recently 
provided important information in this regard is the formation of biofilms by 
Staphylococcus epidermidis. 

S. epidermidis is a commensal of human skin; however, some strains can efficiently 
colonize solid surfaces and form biofilms. These biofilm-forming strains are a major cause 
of infections arising from medical implants in humans. Two distinct phases are necessary 
for biofilm formation: initial attachment and intercellular adhesion. Transposon 
mutagenesis was employed to obtain mutations blocked in each phase.!4 A mutation that 
blocked initial attachment was localized to a gene whose product is 61% identical to 
the amino acid sequence of the major autolysin of S. aureus.'® It is intriguing to specu- 
late that an autolysin may be important for attachment of a bacterium to a surface because 
autolysins are important for cell-wall turnover and cell division. Unfortunately the 
authors were unable to establish whether the autolysin had a specific versus an indirect 
role in the attachment process. 

A transposon insertion that blocked the second stage of biofilm formation was 
localized to an operon involved in the synthesis of a polysaccharide known to be essential 
for biofilm formation. !5? The mutated strain was deficient in intercellular adhesion, the 
ability to form biofilms, and the synthesis of a cell surface polysaccharide. A clone of the 
unmutated operon restored all three phenotypes when transformed into the mutated strain. 
Most strikingly, following DNA transformation the same clone converted the non-biofilm 
forming species Staphylococcus carnosus to a biofilm-forming species. Importantly, this 
demonstrates the necessity of a specific molecule for the establishment of a biofilm. 

Transposon mutagenesis has also been applied to genetic screens in Pseudomonas 
aeruginosa aimed at obtaining mutant strains that were defective in the initial stages of 
cell-to-surface attachment. A screen of 14,000 transposon mutants yielded 37 mutants that 
were unable to form a biofilm on inert surfaces, but which grew at wild-type rates in liquid 
medium. Initial DNA sequence analysis was performed on 24 of these isolates, with only 
three of these 24 mutants showing transposition within a known gene. Two of the three 
were involved in flagella synthesis and the third encoded the Clp protease.** Since 21 out of 
24 loci had no known function, these results provide a strong indication that the biology of 
attachment to inert surfaces may involve factors that have yet to be characterized. 
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Figure 2. Differential interference contrast microscope images representing colonization 
features of biofilm development by the marine bacteria; (a) Psychrobacter sp. SW5 showing 
long chains of cells, (b) Psychrobacter sp. SW8 showing cells vertically packed into a 
honeycomb-like structure (oval) and (c) Pseudoalteromonas sp. S9 cells showing micro- 
colonies (*) and cells translocating between these colonies (arrows). Bar = 10 um. 


IV. REGULATION OF GENE EXPRESSION IN BIOFILMS 


As discussed in Chapter 12, methodological limitations have prohibited robust 
advances in understanding how genes are regulated when cells grow in biofilms. Recently 
however, there has been a considerable amount of interest in the role that extracellular 
signals may play in this process within biofilms. It is clear that intra- and interspecies 
cell-cell communication occurs in biofilms found in nature. The cell-cell interactions can 
be quite sophisticated as evidenced by microscopic examination of marine bacteria using 
laminar flow chambers and time-lapse video imaging. Such studies have shown that some 
bacteria form long chains of cells when attached to specific surfaces (Fig. 2a), whereas 
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other strains pack into honeycomb-like structures (Fig. 2b) or aggregate into inter- 
connected microcolonies (Fig. 2c).*? In the context of these observations it was anticipated 
that cell density dependent signaling pathways will regulate biofilm-specific gene expres- 
sion. In fact, initial studies demonstrated that cell density regulated phenotypes were 
present in cells growing within biofilms* and that N-acyl homoserine lactone (AHL)- 
dependent regulation occurred in biofilms.*! Davies et al.!° provided the first definitive 
demonstration of the role of this type of signaling within biofilms when they showed that 
Pseudomonas aeruginosa lasI mutants (defective in AHL synthesis) were unable to form 
differentiated biofilms. However, exogenous addition of a synthetic signal molecule 
restored the wild-type biofilm development.!° 


V. CONCLUSION 


Growth and survival of microbial communities depends on adaptation to a series of 
changing environmental milieux. The ultimate goal of investigations into the molecular 
genetics of bacterial adhesion and growth at surfaces is to gain insight into the molecular 
mechanisms of biofilm formation and maintenance. In recent times profound progress in 
the elucidation of genes and molecules necessary for bacterial attachment to surfaces and 
subsequent biofilm formation has been made. It is anticipated that this information will 
lead to the development of strategies to prevent/minimize biofilm formation which result 
in, for example, reduced material corrosion and frictional drag, and prevention of tissue 
damage by pathogens. Future research will need to combine multidisciplinary approaches. 
An illustration of this is the recently developed in situ methods aimed at detecting 
alterations in bacterial gene expression at solid surfaces.’”> Such experimental analyses 
should mimic natural environmental conditions as much as possible. Furthermore, when 
drawing direct parallels between attachment of bacteria to living and non-living surfaces 
it is essential to establish relevance since it has been demonstrated that the host cell is not 
an inert surface, but plays an active role in the attachment process through the activation 


of specific genes!!. 
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I. INTRODUCTION 


Bacterial adhesion is a very complicated process which is affected by many factors, 
including some characteristics of the bacteria, the chemical and physical nature of the 
target material surface, and factors in the bacterial suspension medium including the 
physical conditions of the medium and the presence of carbohydrates, proteins, serum 
proteins, or bactericidal substances. In addition, the methods used for material—bacteria 
interaction and for detection and/or quantitation of bacterial adherence will affect the 
results. A better understanding of the unique behavior of certain bacteria, the surface 
characteristics of the material, and the relevant environment would make it possible for 
one to control the adhesion process by changing these factors. This chapter will address 
the interaction of bacteria with material surfaces, especially the factors affecting bacterial 
adhesion to surfaces. Several review articles with similar topics have previously been 
published, including the ones authored by Neu and Marshall,!°* Merritt,°'! and An and 
Friedman. This chapter will not address the wealth of information on bacterial 
coaggregation, adherence of one type of microorganism to another, or adherence of 
bacteria to mammalian cells or tissue in a fluid or in vivo environment. Rather, this 
chapter will attempt to address these interactions when they occur on a material surface, 
either in vivo or in vitro. Intact mammalian tissue will not be considered a material in this 
analysis. However, tissue that has been processed (engineered) as a material substrate 
will be considered a material. 


II. METHODS FOR PROVIDING MATERIAL-BACTERIA INTERACTION 


For bacterial adhesion to occur, the bacteria must first interact with the surface of the 
material. The nature of the bacterial surface, the material surface, and the subsequent 
interactions will dictate whether or not bacterial adhesion and colonization occur. Thus it 
is critical to carefully describe the conditions under which the interaction took place, and 
to maintain the same conditions for initial interaction when comparisons of effects of 
material or of bacterial properties are to be made. Such detailed information is often not 
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readily available in published studies and inconsistencies in results may perhaps be 
attributable to minor differences in technique. The nature of the material surface will 
reflect the environment into which the material was placed. Insertion into water or saline 
will change the hydrophobicity/hydrophilicity characteristics of the material. Insertion 
into protein or carbohydrate-containing solutions will result in immediate coating of the 
material surface. Thus bacteria added to a solution already containing a material will see 
a different material surface than bacteria already in solution to which the material is then 
added. The initial interaction will be very different and the endpoint of adherence and 
proliferation may be altered. If it is not clear as to what was done, studies cannot be 
compared adequately. This does not imply that one technique is more biologically 
relevant, it is simply that they are different and need to be explicitly defined. If one is 
interested in the effect of organisms on an implant at the time of surgery, then the material 
needs to be added to the bacteria. If one is interested in the interaction of bacteria in the 
host on an implanted material, then the material should be preconditioned to mimic the 
appropriate biological coating before the bacteria are added. 

Similarly, there are many methods for studying bacteria—material interaction. In some 
studies the bacteria and material are left together undisturbed for a designated time period 
(static test); in some cases there is intermittent mixing; in some cases there is constant agitation 
by rocking, spinning, or mixing with a magnetic stir bar; and sometimes elaborate devices 
which allow flow of the bacteria over the material are devised. (For example, a Robbins 
device or modified Robbins device is often used.) In some cases, a flow cell or loop to mimic 
blood flow is used. The issue of air—fluid interface is often raised. It is virtually impossible to 
conduct an in vitro experiment where the material and solution do not first encounter an air— 
material—fluid interface. With flow cells, it may be possible to avoid a bacteria—air—material 
interface by initiating solution flow over the material and then adding the bacteria to the 
solution reservoir. However, this results in a preconditioned material encountering the bacteria. 
There are no easy solutions to these problems of interaction and the most meaningful system 
that will address the particular question must be selected. 

In addition, there is also the issue of the history of the contact of the bacteria with other 
surfaces. The bacteria must be grown in a vessel of some kind. The two most common 
materials for the vessels are borosilicate glass and polystyrene. Some individuals may use 
polycarbonate. However, there are subtle differences in the nature of these polymers, 
which may be designated tissue culture grade or bacteriological grade. The exact nature 
of the material used is often not indicated in published reports. A few studies have been 
done addressing this issue and there is probably no influence of the past history of 
bacteria—material contact on the adhesion, however it will forever remain a question.”! It 
is advisable that bacteria used in an adhesion experiment be discarded and not used for 
other experiments. A known stock exposed to the identical environment should be used 
for subsequent experiments. However, it is also advisable that the stock solution be 
checked to be sure the adhesion characteristics have been maintained over time and a new 
stock prepared as indicated. For instance, Staphylococcus epidermidis that adheres to poly- 
styrene may lose adherence characteristics over time and with repeated passaging. Thus 
the strain should be selected periodically from organisms that have adhered to the poly- 
styrene tube or plate. 
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II. METHODS OF DETECTION AND QUANTITATION 


Subsequent chapters will deal at length with this issue. However, it is important to keep 
in mind that it is the initial contact of the microorganism with the surface of the material 
that will dictate whether this organism will stick and proliferate. The surface of the 
material will be altered by the initial adhesion of microorganisms or interaction with 
microorganisms and the nature of this surface will determine the fate of further organism- 
material interaction. Unfortunately, this initial interaction is rarely observed. It is the end 
result of sufficient organisms on the surface to be detectable by the selected method that is 
used to measure bacterial adhesion. This is really adhesion and proliferation. 


IV. ENVIRONMENT (THE MEDIUM) 


Bacterial adhesion is determined by the properties of all three phases involved, i.e., the 
adhering bacteria, the substrate, and the suspending liquid medium.* Some factors in the 
general environment of the suspending liquid medium, such as the types of medium,’! the 
shear stress of the flowing medium,*°!* temperature,” time period of exposure, bacterial 
concentration, chemical treatment or the presence of antibiotics, !*? and surface tension of 
the medium,? will affect bacterial adhesion. 

It was reported that marked differences in both the production of slime and adherence 
of S. epidermidis were observed when comparing four culture media.’! Slime production 
was notably poor in used peritoneal dialysis fluid (PUD). Adherent growth was markedly 
increased in a chemically defined medium (HHW) and synthetic dialysis fluid (SDF) but 
was poor in tryptic soy broth (TSB) and PUD when air with 5% CO, was used. These 
findings emphasize the advantages in using chemically defined and biological fluids when 
studying slime production and adherence by S. epidermidis. 

Under flowing conditions the flow pattern is an important factor in attachment of 
bacteria to a solid surface and under these conditions a shear stress is applied to bacterial 
cells attached to the surface. Adhesion is optimal under a shear stress of 6-8 N/m? , but 
still occurs under shear forces up to 130 N/m?. 

It was found that adhesion of Streptococcus faecium to glass increased with increasing 
temperature (to 50°C), time period of exposure, and bacterial concentration. The 
equilibrium apparently was not reached even after incubation for 8 h or at a cell concen- 
tration of 3x10!%mL.!!° This effect of temperature was also found by other researchers.*” 
Various studies on the adhesion of S. epidermidis and Staphylococcus aureus have shown 
dependence on time and temperature. If the conditions are not correct for optimal growth, 
then proliferation may be considerably slower, but there does appear to be a saturation 
level that is reached between 18 h and 48 h in adequate growth conditions. 

Limited studies with S. epidermidis indicated that the bacterial concentration plays a 
role in adhesion and biofilm formation. It is bacterial concentration (cfu/mL) that is 
important and not the available organisms, indicating a surface hit phenomenon. For 
example, a concentration of 10° cfu in 1 mL would give greater adhesion than would 10° 
cfu in 10 mL. The number of available organisms is the same, but the number at the 
surface in any given time is different.?! 

Fletcher and Marshall** and Satou et al.!?3 found that the number of bacteria adhering 
to substrata surfaces increased with time until they reached a saturation level which was 
specific for each type of surface. The adhesion of Staphylococcus pyogenes to hexadecane 
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was abolished by pretreating the organisms with trypsin and pepsin or HCI solutions.?”!™ 


Hogt et al. also found that treatment of S. epidermidis with pepsin or extraction with 
aqueous phenol resulted in a decreased adhesion to poly (tetrafluorethylene-co-hexa- 
fluoropropylene) (FEP).® 

Concentrations of electrolytes (KCI or NaCl),!!6!!° or CO,,3371139 and pH value>!-1!0 
in the culture environment also influence bacterial adhesion and slime production. The 
presence of iron,*”7> cadmium or zinc,®? sugars,*! or surfactants such as Tween 20 or 8074 
in the medium or bacterial suspension may also alter adhesion. The presence of antibiotics 
will also affect adhesion and proliferation. Cultures of S. epidermidis in subinhibitory 
concentrations (0.5 MIC) of cephalothin, clindamycin and vancomycin resulted in a 
30-80% reduction in adhesion.!!! All of these factors may influence bacterial adhesion 
by either changing physical interactions in phase one of adhesion, or changing surface 
characteristics of bacteria or materials. This will be amplified in further sections. 

Finally, Giridhar et al.°+ reported that the exposure of polymethylmethacrylate 
(PMMA) discs to extracellular slime extracted from strain RP12 greatly reduced adher- 
ence of strain RP12, SP2, SE-360, and S. epidermidis RP62A. The active component(s) 
was present in the >10 kD mol wt fraction obtained by Amicon YM10 ultrafiltration of 
crude slime; heat treatment of the fraction did not affect its inhibitory activity. When the 
bacteria and RP12 slime fractions were added simultaneously to the PMMA discs, the 
>10-kD mol wt fraction of slime competitively inhibited adherence of strain RP12 to 
PMMA discs. 


V. BACTERIAL CHARACTERISTICS 


The nature of the bacterial species has a major impact on the adhesion to surfaces. 
Some bacteria (mostly the Gram-negative bacteria) adhere by virtue of protein-based 
structures such as pili, fimbriae, and flagellae. Most bacteria under discussion in this 
chapter are staphylococci and streptococci with adherence based on carbohydrate 
structures. However, the factors which affect adherence will be very different for adhesion 
by protein structures and by carbohydrate structures and may also be different within 
these mechanisms. It will be difficult to draw generalities and there needs to be attention 
to the specifics. For a given material surface, different bacterial species, and strains adhere 
differently, and this can be explained physicochemically since physicochemical 
characteristics of bacteria are different between species and strains. 


A. Bacterial Hydrophobicity 


Surface hydrophobicity of bacteria is determined by cell surface components such as 
fimbriae,>! polypeptides,’ and 60,000- to 90,000-mol wt proteins of Streptococcus 
sanguis’! prodigiosin and amphyipathic aminolipids of Serratia marcescens.' The 
hydrophobicity of bacteria varies according to bacterial species and is influenced by 
growth medium, bacterial age, and bacterial surface structure. The reviews by Krekeler et al.’° 
and Dankert et al.” provide more details. 

Hydrophobicity of bacteria can be examined by 1) contact angle measurements, such 
as the sessile drop method,” 2) evaluation of ability of bacteria to adhere to hexadecane, 
hydrocarbon or polystyrene,*>!!!:!19.!20.136 3) partitioning of bacteria in an aqueous two- 
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phase system,*”!37!3 4) the salt aggregation test,?58185 5) hydrophobic interaction 
chromatography.?58598 6) latex particle agglutination test,*>-’? or 7) direction of 
spreading. !?? 

Surface hydrophobicity of bacteria is an important physical factor for adhesion, 
especially when the substrata surfaces are either hydrophilic or hydrophobic. Generally, 
bacteria with hydrophobic properties prefer materials with hydrophobic surfaces, those 
with hydrophilic characteristics prefer hydrophilic surfaces, !*?/'3! and hydrophobic 
bacteria adhere to a greater extent than hydrophilic bacteria.!?? Hogt et al. found that 
one strain of S. epidermidis with hydrophobic characteristics showed a significantly higher 
adhesion to hydrophobic FEP than S. saprophyticus. The adhesion of S. epidermidis to the 
more hydrophilic cellulose acetate was always low. Treatment of S. epidermidis with 
pepsin or extraction with aqueous phenol yielded cells with a decreased hydrophobicity 
and resulted in decreased or abolished adhesion to FEP.®”!!! Similar changes of decreased 
hydrophobicity were produced by repeated subculture of oral streptococcus, which were 
accompanied by decreased adhesion to hydroxyapatite.!** Satou et al.!?3 also found S. 
sanguis strains with hydrophobic surfaces adhered more to hydrophobic glass slides than 
others with a less hydrophobic character. According to the recent study by Zita and 
Hermansson,!#° the cell surface hydrophobicity of single bacterium estimated by 
microsphere adhesion to cells also correlates well with adhesion of bacteria to hydro- 
carbons or hydrophobic interaction chromatography for a set of hydrophilic and hydro- 
phobic bacteria. 

However, the effect of hydrophobicity characteristics may be dependent on methods 
used to perform the study, such as the shear rate and the hydrophobicity or surface tension 
of the liquid phase. One study demonstrated that the effect of hydrophobicity was most 
important at low shear rate in protein-free solutions.!*! At higher shear rates or in other 
solutions, the effects of bacterial hydrophobicity were less important. In essence, adhesion 
is more extensive to hydrophilic substrata (i.e., substrata of relatively high surface tension) 
than to hydrophobic substrata, when the surface tension of the bacteria is larger than that 
of the suspending medium. When the surface tension of the suspending liquid is greater 
than that of the bacteria, the opposite pattern prevails.’ 


B. Bacterial Surface Charge 


The surface charge of bacteria may be another important physical factor for bacterial 
adhesion. It is involved in the initial step of bacterial colonization, also governed by long- 
range van der Waals forces.??073 Most particles acquire an electric charge in aqueous 
suspension due to the ionization of their surface groups. The surface charge attracts ions 
of opposite charge in the medium and results in the formation of an electric double layer. 
The surface charge is usually characterized by the isoelectric point? or the electrokinetic 
potential (or zeta potential) or electrophoretic mobility.5%85-98-108,118.132 The surface charge 
of bacteria can also be characterized by colloid titrition!™ or electrostatic interaction 
chromatography.!!3 Bacteria in aqueous suspension are always negatively charged.’? A 
high surface charge is accompanied by a hydrophilic character of the bacteria, but a 
hydrophobic bacterium may still have a rather high surface charge.”° The surface charge 
of bacteria varies according to bacterial species and is influenced by growth medium, 
bacterial age, and bacterial surface structure.?° 
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Long-range electrostatic forces may influence the initial phase of bacterial adhesion 
onto solid surfaces. Several studies of the effect of bacterial surface charge on adhesion 
found that different surfaces were not significantly affected by the relative surface charge 
of bacteria.!°?79 However, other studies have called this into question.5?85-132,133 


C. Multiple Species or Strains 


It is well known that bacteria interact in the environment and in the mammalian 
body. Each bacterium has its own niche in the ecosystem and mixed colonies and inter- 
actions are formed. When there is an imbalance in the controlling factors, then one 
bacterium may overgrow and crowd out the others. This observation has led to many 
studies on these mixed colonies. It was of interest to determine how the bacteria 
interacted on surfaces. There are many issues involved and only the influence on 
adherence will be discussed here since this will be a major topic in some of the other 
chapters in this book. 

If adherence to materials were a major event in the pathogenesis of implant site 
infections in humans, then this might be modulated by pre-coating the material with less 
virulent organisms or portions of organisms which would use all the binding sites and 
make the material surface unacceptable to pathogenic organisms. However, studies with 
mixed organisms have demonstrated that the presence of bacteria on the surface of a 
material makes that surface even more attractive for other bacteria. When a Pseudomonas 
sp. biofilm was allowed to form on biomaterial surfaces and then the material was 
implanted into a host, the material became colonized with a mix of organisms, phagocytes, 
fibrin, and live and dead mammalian cells.?! The presence of pre-adhered organisms 
greatly enhanced the biofilm mass formed in vivo. Similar findings were observed when 
Pseudomonas, Proteus, and S. epidermidis were used in in vitro and in vivo studies.7*-*4 
The presence of biofilm formed by one organism greatly enhanced the subsequent 
adherence of the same or another species. This was true whether the initial biofilm 
remained alive or was killed by autoclaving or by the presence of antibiotics. Thus the 
preconditioning with bacteria actually increased subsequent bacterial adherence and 
increased the infection rate. This has also been observed with Streptococcus mutans and 
Candida albicans.'® The severity of infections is increased when there is a mix of 
orrganisms in the tissue,!°°° especially when there is a mix of a Gram-positive and a 
Gram-negative species.” 


VI. MATERIAL SURFACES 


The factors influencing bacterial adherence to biomaterial surfaces include chemical 
composition of the material,!*:!°° surface charge,’” hydrophobicity,!'>!!7 and surface 
roughness or physical configuration.®®* Also, the surface energy, empty binding sites, 
and hydrophobic/hydrophilic characteristics can be quickly altered by the adsorption or 
binding of serum proteins and formation of biofilms.>”>* It is crucial in evaluating effects 
of modifications of material surfaces that the nature of the surface the bacteria encounter 
is known. As indicated before, prewetting the surface, especially with protein solutions, 
will decrease bacterial adherence. Other surface modifications which go unnoticed or 
unreported may also have a major effect. 
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A. Surface Chemical Composition 


Chu and Williams*° examined the effects of physical configurations of suture materials 
on bacterial adhesion. In the group of absorbable sutures, the polydioxanone (PDS) sutures 
exhibited the smallest affinity toward the adherence of both E. coli and S. aureus, while 
Dexon sutures had the highest affinity toward these two bacteria. Studies by Sugarman 
and Musher!? demonstrated that adherence of bacteria to gut was up to 100 times greater 
than to nylon and adherence to polyglycolic acid or silk was intermediate. According to 
Gristina et al.,>* S. epidermidis preferentially adheres to polymers and S. aureus to metals. 
This result may explain why most S. epidermidis infections are associated with polymeric 
implants and S. aureus is usually the major pathogen implant site infections associated 
with metal implants. 

If the surface chemicals are changed or modified, such as with a Pluronic surfactant 
coating,!? poly(vinyl pyrrolidone) (PVP) coating,“ antimicrobial peptide coating,’ non- 
steroidal antiinflammatory drug coating,“ cations absorbed solid surface,>> or amine- 
containing organosilicon surfaces, !*> bacterial adhesion to these surfaces is discouraged. 
More recently, Oga et al.!° found that the number of S. epidermidis adhered to sintered 
hydroxyapatite was higher than that to three other material surfaces. The effects of surface 
roughness were possibly involved in this study according to the manufacturing procedure 
for preparing the samples. A similar study by Prewett et al.'!4 also indicates that the number 
of adherent bacteria which bind to a metal surface is dependent upon the strain of the 
microorganism and the type of metal. An effect of chemical composition on bacterial 
adhesion was also found in our recent study.’ 


B. Surface Roughness 


Surface roughness is a two dimensional parameter of a material surface measured by 
roughness measuring systems such as the Stylus system and commonly described as arith- 
metic average roughness (Ra). It is a distance measurement between the peaks and valleys 
on a material surface and does not represent the morphological configurations of the 
surface. Surface finish and smoothness are the easy-to-understand “alternative terms” of 
surface roughness. 

Baker!! found that roughening the surface of either glass or polystyrene with a grind- 
stone greatly increased the rate of bacterial colonization in a river environment. Another 
study recommended searching for optimal surface smoothness for all intraoral and 
intrasulcular hard surfaces for reduction of bacteria colonization and plaque formation, 
since the results showed rough surfaces harbored 25 times more bacteria.!!® There are 
more reports on the effects of surface roughness on bacterial adhesion to central venous 
catheters, !2° enamel surfaces,°? or teeth surfaces.!> All of these studies indicate surface 
roughness influences bacteria adhesion. The causes for this phenomenon may include 1) a 
rough surface has a greater surface area, and 2) the depressions in the roughened surfaces 
provide more favorable sites for colonization. !! 

However, a recent study in our laboratory showed that cp-Ti (commercially pure tita- 
nium) surface roughnesses produced by 120 to 1200 grit sandpaper polishing had virtually 
no effect on the number of adhered S. epidermidis (VAS-11).8 What caused this is a ques- 
tion for further studies such as analysis of surface area, or evaluation of surface configu- 
ration. A further point for consideration is whether the range of roughnesses studied was 
great enough. 
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Figure 1. S. aureus adherence to material surfaces in PBS suspension at 37°C with agitation 
evaluated by epifluorescent microscope and SEM. Bacteria prefer to attach to grooves on 
cp-Ti surface (A) or ridges on UHMWPE) surface (B). 


Since clinically different prostheses or implant devices have different surface 
roughnesses, which may play a role in bacterial adhesion and implant infection, more 
studies are needed to test the effects of a broader range of surface roughness. 


C. Surface Morphology or Configuration 


Physical configuration of a material surface is different from surface roughness, and is 
rather complicated. It is a morphological description of the pattern of a material surface, 
such as a monofilament surface, a braided surface, a porous surface, or a grid-like surface, 
and it is a three dimensional parameter. Routinely, physical configurations are evaluated 
by scanning electron microscopy. 

The irregularities of material surfaces promote bacterial adhesion, biofilm deposition, 
and accumulation of biliary sludge, while ultrasmooth surfaces do not allow bacterial 
adhesion and biofilm deposition.®’ Figure 1 shows that surface configurations of solid 
surfaces play an important role on the patterns of bacterial adhesion. Bacteria prefer to 
attach to grooves on cp-Ti surface or ridges on ultra high molecular weight polyethylene 
(UHMWPE) surfaces. 

Merritt et al.°4 found that implant site infection rates are obviously different between 
porous and dense dental materials, with a much higher rate for porous material. This 
implies bacteria adhere and colonize the porous surface preferentially. This finding was 
confirmed in a recent study using <20 cfu of S. aureus on implanted segments of suture.” 
The bacterial adherence in one hour to these various suture materials was not markedly 
different since less than a fivefold difference in cfu in the solution of bacteria used for 
adherence resulted in the same number of organisms on the suture segment. However, the 
infection rate was significantly higher with the multifilament sutures. Thus, in addition to 
adherence mechanisms, there is a major difference in host response, which is yet to be 
elucidated. 

Locci et al.°~ perfused intravenous catheters with coagulase-negative staphylococci 
(CNS) and found that the initial bacterial adhesion occurred at different irregularities of 


1,82 


Factors Influencing Bacterial Adhesion 61 


the inner surface of the catheters. With nonabsorbable sutures, the physical configuration 
of the suture contributed more to their ability to attract bacteria than the surface finish. 
Braided suture materials may have increased bacterial adherence compared to nonbraided 
ones, probably partially due to increased surface area. !*° 


D. Surface Hydrophobicity or Wettability 


Metal surfaces have a high surface energy, are negatively charged, and hydrophilic as 
shown by water contact angles, while polymers such as UHMWPE or Teflon have low 
surface energy, are less electrostatically charged, and hydrophobic. The hydrophobicity 
of a material surface has been determined mainly by contact angle measurement. 

Depending on the hydrophobicity of both bacteria and material surfaces, bacteria adhere 
differently to materials with different hydrophobicities.**?!73 Several groups reported 
that hydrophilic materials are more resistant to bacterial adhesion than hydrophobic 
materials.°-*+ Fletcher and Loeb* investigated the attachment of a marine Pseudomonas 
sp. to a variety of surfaces. Large numbers of bacteria attached to hydrophobic plastics 
with little or no surface charge (Teflon, polyethylene, polystyrene, and polyethylene 
terephthalate); moderate numbers attached to hydrophilic metals with a positive or neutral 
surface charge; and very few attached to hydrophilic, negatively charged substrata (glass, 
mica, oxidized plastics). Satou et al.!?3 also studied the adhesion of two S. sanguis strains 
and two S. mutans strains to four surface-modified glass slides with different hydropho- 
bicity. S. sanguis strains (with more hydrophobic surfaces) adhered more to hydrophobic 
glass slides than others. Coating substrata surfaces with proteins, such as bovine serum 
albumin (BSA), bovine glycoprotein, or fatty-acid free BSA, decreased surface hydro- 
phobicity leading to an inhibited bacterial adhesion to the surfaces. In a study of surface 
hydrophiliation and adherence of S. mutans, the presence of saliva made a difference and 
the effect of various other factors was obscured by this. 

Bridgett et al.!? studied the adherence of three clinical isolates of S. epidermidis to 
model polystyrene surfaces in vitro using epifluorescent image analysis. A series of 16 
Pluronic surfactants (A-B-A block copolymers where A is poly(ethylene oxide) (PEO) 
and B is poly(propylene oxide) (PPO)) were used as hydrophilic surface modifiers for the 
model polystyrene surfaces. Substantial reductions (up to 97%) in bacterial adhesion 
levels were achieved with all copolymers tested, irrespective of the PPO or PEO block 
lengths. It appears likely that such treatments create a sterically stabilized surface with 
adsorbed PEO chains, conferring nonspecific anti-adhesive properties which can limit 
bacterial attachment. Similar effects of PEO were also found by other researchers.60-109 

In a recent study in Dr. An’s laboratory, PEO coated titanium surfaces inhibited the 
adherence of S. epidermidis (RP62A) by 95-98% (Table 1). Briefly two different PEOs, 
with molecular weight being 2 kDa and 12 kDa, were dissolved in dimethyl sulfoxide 
(5% PEO). The solution was used to coat 600 grit sandpaper polished cp-Ti discs. The 
discs were exposed to S. epidermidis (RP62A) PBS suspension for 1 h at 37°C with 
agitation. Then the discs were stained with propidium iodide and examined under a 
computerized epifluorescent microscope. This dramatic effect of PEO on staphylococcal 
adhesion is under further experimentation. 

However, in an attempt to study the effect of hydrophobicity/hydrophilicity on bacterial 
adherence, titanium surfaces were treated with chemicals to form a “functionalized 
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Table 1. Effect of PEO Coating on Adhesion of S. epidermidis to Titanium Surface 


cp-Ti coated with cp-Ti coated with 
Bare cp-Ti 2 kDa PEO 12 kDa PEO 
RP62A adherence 339'4:31% 14.9+6.9 5.6 + 9.9 
Inhibition rate — 95.6% 98.4% 


“The values are the average counts of 40 microscopic fields (x40 objective) taken from 4 identical sample 
discs. Each field is about 0.01627 mm?. 


Table 2. Staphylococcal Adherence to Materials with Different Surface Hydrophobicity 
Material n cp-Ti Ti Alloy CoCr SS PE 


Surface roughness (um) 9 0.44 + 0.04 0.51 +0.05  0.47+40.08 0.5140.04 0.55+40.12 








Water contact angle 9 3941 3442 49 +4 508 1114 
S. aureus adhered 40 137 + 124 118+8 116+ 16 147+ 25 3846 
S. epidermidis adhered 40 194+ 12 180+ 11 178+ 11 17149 47+ 13 


“Average number of bacterial counts per field under epifluorescence microscope (The values were 
calculated from 40 fields on 4 identical sample discs and each field is about 0.01627 mm?) 


surface” with ranges from highly hydrophobic to highly hydrophilic. These changes to 
the base material did not significantly alter the adherence of bacteria.” However, in the 
parallel study using cell culture,!?’ there was a marked difference in mammalian cell 
adhesion and proliferation. Whether the surface hydrophobicity made no difference to the 
bacterial adherence or the bacteria penetrated the functionalized surface and saw the same 
base metal in all treatments remains unknown. 

Another exception was found in An’s laboratory on bacterial adhesion to hydrophobic 
and hydrophilic material surfaces (Table 2).’ With nearly the same surface roughnesses, 
hydrophobic UHMWPE discs attracted much less bacteria compared to the hydrophilic 
metal surfaces. 


VII. SERUM OR TISSUE PROTEINS 


Many proteins (serum or tissue proteins) have been studied for their effects on bacterial 
adhesion to material surfaces,’®8-88-135 including albumin, fibronectin, fibrinogen, laminin, 
denatured collagen, and more. They promote or inhibit bacterial adhesion by altering 
binding to substrata surfaces, binding to bacterial surfaces, or by their presence in the 
liquid medium during the adhesion period. For the latter situation most of the proteins 
inhibited bacteria adhesion,”°*! possibly affecting bacterial adhesion by their association 
with the bacterial cell surface, the material surface, or both. Most of the binding between 
bacteria and proteins is specific ligand—receptor-like interactions. Proteins may also 
change the adherent behavior of bacteria by changing bacterial surface physicochemical 
characteristics.°®!!7!20 A comprehensive review on the interrelationships between 
protein surface adsorption and bacterial adhesion has been published recently by Daeschel 
and McGuire.”® 
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A. Fibronectin 


Fibronectin (Fn), which is recognized for its ability to mediate surface adhesion of 
eukaryotic cells, has also been shown to bind to S. aureus.” Fn clearly promotes S. aureus 
adhesion to substratum surface.78-86-134.135 Kuusela et al.”8 demonstrated a time-dependent 
and Fn concentration-dependent adhesion of S. aureus to Fn-coated coverslips. In vitro 
adhesion of S. aureus strain Wood 46 to explanted coverslips was inhibited in a dose- 
dependent manner by anti-Fn antibody.!*+!> The binding of !*°I-Fn to a strain of S. aureus 
is specific, time-dependent, irreversible, and occurs with both live and heat-killed cells. 
Staphylococci may be saturated with Fn at a level which suggests the presence of specific 
receptors (staphylococcal Fn-binding molecules) on bacterial cells.*-8°!?! This 
Fn-binding molecule has been cloned in E. coli and purified.*>48 The S. aureus binding 
domain of Fn was also found in the Fn molecule.!7-97 

Fibronectin plays an important role in foreign body infection. !?*^134 In the presence of 
serum, the level of S. aureus adherence to explanted coverslips (from guinea pig, covered 
by Fn deposits) was 20 times higher than that of adherence to unimplanted coverslips.!*° 
Scheld et al.!?* also found that Fn exposed to the constituents of nonbacterial thrombotic 
endocarditis may mediate microbial adhesion of circulating organisms to initiate coloni- 
zation during the early pathogenesis of infective endocarditis.!*4 Although strain specific, 
adherence of clinical staphylococcal isolates to foreign surfaces was significantly 
increased by Fn, suggesting the possible contribution of these proteins to the pathogenesis 
of intravenous device infection.* Delmi et al.?? found that incubation of either in vitro 
Fn-coated or explanted metallic coverslips with anti-Fn antibodies produced a significant 
decrease in staphylococcal adhesion. These results suggest that the presence of Fn on the 
surface of implanted metallic devices is an important determinant of colonization of 
orthopaedic biomaterials by staphylococci. Francois et al.4° found that poly(vinyl 
pyrrolidone) (PVP)-coated Pellethane showed a strong reduction in either fibrinogen or 
fibronectin adsorption compared to all other PVP-free polyurethane central venous 
catheters (CVCs). This decreased protein adsorption led to a proportional reduction in 
protein-mediated adhesion of either S. aureus or S. epidermidis and in the binding of a 
monoclonal antibody directed against the cell-binding domain of fibronectin. 

There are controversies regarding Fn effect on S. epidermidis adhesion to material 
surfaces. Herrmann et al.°8 found Fn markedly promoted adherence of all S. aureus strains 
but only four out of 19 strains of S. epidermidis. Naylor!®! found Fn can inhibit S. 
epidermidis adherence to cobalt-chrome alloy and poly(methyl methacrylate) surface by 
90%. Pre-incubated with silicone catheters, fibrinogen and Fn inhibited the binding of S. 
epidermidis, while both of them enhanced the binding of S. aureus.*? Our recent results 
showed that Fn, unlike albumin, has no effect on the adhesion of VAS-11 to cp-Ti surface.’ 


B. Collagen 


Collagen is an important factor in performance and colonization of vascular grafts and 
some other implanted devices, is an important matrix for colonization leading to infections 
of damaged host tissue, and is a common constituent of tissue engineered devices. In 
general the presence of collagen has effects similar to that of fibronectin and promotes the 
adherence of S. aureus.'*> It also promotes the binding of S. mutans.'*® The binding of 
S. aureus to collagen appears to be under bacterial genetic control.*? 
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C. Albumin 


Albumin adsorbed on material surfaces has shown obvious inhibitory effects on 
bacterial adhesion to polymer,’°!!!!!?.!15 ceramic,>° and metal>-*-?88 surfaces. In a recent 
study, human serum albumin (HSA) inhibited S. epidermidis adhesion to cp-Ti surfaces 
by more than 95% after treatment of the cp-Ti sample with 200 mg/mL of human serum 
albumin at 37°C for 2 h. Most of the proteins reduced the adhesion through adsorption to 
substrata surface, while serum albumin also inhibited the adhesion by means of 
binding to the bacterial cells.*° The mechanism of the inhibiting effect of albumin is not 
clear. Albumin may reduce bacterial adhesion by changing substratum surface 
hydrophobicity, because in the presence of dissolved and adsorbed bovine serum albu- 
min (BSA) substrata surface became much less hydrophobic.44!!7 

As stated, HSA inhibited S. epidermidis adhesion to commercially pure titanium 
(cp-Ti) surfaces by more than 95% after adsorption of 200 mg/mL of human serum 
albumin at 37°C for 2 h. Cp-Ti surfaces were then coated with BSA using a cross-linking 
agent, carbodiimide. Only 10% of the coated BSA decayed off the surface during the 
20 d incubation period (at 37°C, in phosphate buffered saline, with intermittent 
agitation). The inhibition rate of the albumin coating on bacterial adherence remained 
high (more than 85 percent) throughout the length of the experiment (20 d).39°8 In a 
recent study, a cross-linked albumin coating has been shown to reduce prosthetic 
infection rate in a rabbit model. Animals with albumin coated implants had a much lower 
infection rate (27%) than those with uncoated implants (62%). This finding may represent 
anew method for preventing prosthetic infection.* 


D. Fibrinogen 


Fibrinogen is another important serum protein mediating bacterial adhesion to 
biomaterials and host tissues. Most studies showed adsorbed fibrinogen promotes 
adherence of bacteria, especially staphylococci, to biomaterials. Herrmann et al.68 found 
that adsorbed fibrinogen had a promoting effect on S. aureus and CNS adhesion to 
polymethylmethacrylate (PMMA) coverslips. In the study by Hermann et al., fibrinogen 
markedly promoted adherence of all S. aureus strains but only a few coagulase-negative 
strains. The later finding was supported by the studies by Muller et al.” and by Paulsson 
et al.!!? Recently, Herrmann et al.°° also studied the mediating role of fibrinogen/fibrin 
and platelet integrin on S. aureus adhesion to surface-bound platelets. Staphylococcal 
adherence to polymer catheters coated with fibrinogen was significantly increased 
compared with that to control catheters (pre-incubated in phosphate-buffered saline).”> 
Fibrinogen bound to coverslips also increase streptococcal adhesion.’* In another in 
vitro study, pretreatment of bacteria or both bacteria and polyethylene (PE) catheter 
surfaces with fibrinogen enhanced bacterial adherence suggesting the presence of ligands 
for fibrinogen on the staphylococcal cell surface.*° 


E. Laminin 


Laminin, a major component of basement membranes, was shown to bind some strains 
of S. pyogenes. Binding of !*>I-laminin to bacteria was time dependent and functionally 
irreversible. Laminin receptors (0-103 receptors/per cell) were isolated from these 
bacteria.!?? Laminin has a promoting effect on S. aureus and CNS adhesion to PMMA 
coverslips, but to a lesser extent compared to the effects of fibronectin and fibrinogen. 
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The presence of laminin receptors in S. aureus (about 100 binding sites per cell) has been 
also reported. 8 


F. Serum or Plasma 


The adhesion of various CNS onto plasma-coated FEP was studied by Hogt et al.” The 
adhesion of all strains onto plasma FEP was much lower than onto the untreated control 
FEP surface. Pascual et al.!!! found that pre-incubation of Teflon catheters in human 
serum caused an 80 to 90% reduction of adhesion of S. epidermidis. Pre-incubation of 
S. epidermidis in serum similarly decreased adhesion. This effect of serum was mainly 
due to albumin, while IgG and fibronectin were less effective. Similar effects were also 
found when polymers were pre-incubated with plasma* or albumin. 1!? 


G. Other Proteins or Factors 


Fletcher found that adsorbed gelatin or pepsin impaired the attachment of a marine 
pseudomonad to polystyrene petri dishes.*! The basic proteins such as histone and poly-L- 
lysine facilitated S. mutans adherence to hydroxyapatite discs and the acidic proteins such as 
phosvitin, B-lactoglobulin, or poly-L-glutamate inhibited adhesion.!!’ S. epidermidis 
adhesion to Teflon catheters was significantly related to the degree of hydrophobicity of 
the strains. When hydrophobic groups were removed from the bacteria by pepsin 
treatment, adhesion was almost completely abolished.!!! 

Saliva has a major effect on the binding of streptococci to materials. The study by 
Olsson et al. described in the section on surface hydrophilicity demonstrated promotion 
and inhibition of adherence of S. mutans by some saliva constituents.!°’ Saliva-coated 
hydroxyapatite has been used as a model for adherence of organisms important in the use 
of dental materials and dental hygiene. Cell—cell interaction of Propionibacterium and S. 
sanguis has been demonstrated and may be an important factor in periodontal disease. 
Bacteriodes strains and Actinomyces viscosus have also been shown to adhere to these 
surfaces.8° The presence of glycoproteins in the saliva was demonstrated to be of 
importance in the promotion of adherence of oral streptococci.!® It is important when 
evaluating studies on adherence to materials to know what proteins or other factors are 
present and which are important in modeling the in vivo conditions encountered by the 
organisms studied. Once a material is in the biological system, its surface will be coated 
by biological material and it is no longer the surface that was studied so carefully in vitro. 

In the in vivo condition, implants inserted not only encounter serum proteins but also 
different cells or tissue elements such as platelets. Wang et al. reported the mediating 
effect of platelets on S. epidermidis (RP62A) adhesion onto hydrophobic polyethylene 
surfaces. !3”7 Thrombospondin has a promoting effect on bacterial adhesion.® Franson et al. 
found that D-mannosamine inhibits in vitro coagulase-negative staphylococci adhesion to 
intravascular catheters.“ Tamm Horsfall protein from pooled urine interferes with 
adhesion of E. coli, P. aeruginosa, and S. epidermidis to polymers by binding directly to 
these bacteria.°* Baumgartner and Cooper demonstrated components of thrombus are 
important in mediating S. aureus adherence to polyurethane surfaces. 14 


I. Tissue Proteins 


Bacterial adhesion to material surfaces is a complex process. Anything that alters either 
the bacterial surface or the material surface will alter the interaction. Thus it is critical that 
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all the variables in the assay system be identified. In this chapter we have attempted to 
identify the important variables. There are conflicting reports in the literature as to which 
are the important factors. Some proteins have a great effect on some bacteria in some 
studies but show little effect in others. Some physical characteristics such as flow and 
turbulence affect some interactions and not others. Unless all of the components of a 
bacteria—material interaction study are known, minor differences in the procedures may 
be unrecognized and yet cause major differences in results leading to confusion in 
interpreting the literature. The important variables need to be identified and controlled 
before a rational approach to controlling the interaction can be attempted. 
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I. INTRODUCTION 


In this chapter, we examine the contribution of material physicochemical surface 
properties on nonspecific Staphylococcus epidermidis adhesion under dynamic flow 
conditions in phosphate buffered saline (PBS). These are conditions that are relevant to 
pre-implantation conditions in the absence of adsorbing biological components such as 
proteins. In addition, the applied shear stress provides a quantitative measure of the 
strength of the bacteria—material surface adhesion. Here, we describe the influence of 
material surface hydrophobicity on S. epidermidis RP62A adhesion in 132.7 mM PBS 
using four self assembled monolayer (SAM) surfaces bearing a net negative, positive, or 
neutral charge and five biomedical polymers. Materials with higher surface 
hydrophobicity show statistically higher bacterial adhesion at shear stresses of 0 to 32 
dyne/cm*, demonstrating the contribution of material surface hydrophobicity on 
nonspecific adhesion. However, this positive correlation is limited to materials with 
water contact angles of >70° at 0-8 dyne/cm?, and >100° at higher shear stresses (16-32 
dyne/cm?’). For materials with contact angles below these critical values (0,,;:) 
S. epidermidis adhesion was found to be relatively independent of material surface 
hydrophobicity, indicating that a minimum number of bacteria can adhere to biomaterials 
independent of surface energy. This behavior is explained by a proposed model of 
nonspecific interactions based on DVLO forces, hydrodynamic effect and fimbriae 
formation. The contribution of material surface charge to adhesion was assessed by 
quantifying adhesion of S. epidermidis RP62A to charged surfaces in PBS of increasing 
ionic strength under shear stresses of 0-15 dyne/cm?. Both repulsive and attractive 
interactions were found to be involved in S. epidermidis adhesion, but only the attractive 
interaction was found to significantly alter adhesion in buffered saline (132.7 mM ion 
concentration) at zero shear Stress. 
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Figure 1. Physicochemical forces involved in nonspecific bacterial adhesion to biomaterials. 
The effective distances are based on using phosphate buffered saline as media. 


II. BACTERIAL ADHESION AND INFECTION 


The extended use of cardiovascular and other implants is severely limited by device- 
centered infection, a serious complication which may lead to implant failure, prolonged 
hospitalization, possible amputation and even death. 1530-34 In most cases, surgical removal 
and replacement of the implanted device is the only successful treatment. A major cause 
of device-centered infection is contamination by staphylococci, particularly strains of 
S. epidermidis, at or near the time of implantation via nonspecific adhesive interactions 
and subsequent colonization in vivo.+?° Nonspecific bacterial adhesion to a biomaterial 
has been proposed as a four-stage process: transport to the biomaterial surface, initial 
adhesion, attachment, and colonization (Fig. 1).*-’ The first two steps (transport and initial 
adhesion) lead to physical contact between bacteria and biomaterial surfaces. The attach- 
ment stage is governed by both long- and short-range interactions. Long-range interactions 
position bacteria near the surface and include van der Waals forces, electrostatic forces 
and the hydrophobic effect. !+-4> As bacteria are transported sufficiently close to the surface 
(<2-3 nm), short-range chemical interactions, including hydrogen and covalent bonding 
between bacterial extracellular moieties and the device surface, predominate. Subsequent 
to, or concomitant with, attachment, specific and nonspecific interactions between 
bacterial surface structures and substrate surfaces induce an irreversibly firm adhesion in 
a time-dependent fashion (>1-3 h).*;”!4 Capsules and fimbriae which act as bacterial 
adhesins bridge the bacteria to the material surface via nonspecific hydrophobic and 
electrostatic interactions and/or specific ligand-receptor interactions. Some strains of 
S. epidermidis also produce extracellular polysaccharides called slime, which may 
permanently bind bacteria to device surfaces.’ In addition, slime may act as a protective 
biofilm, shielding bacteria from antibiotic therapy, physiologic shear, and possibly from 
host cell-mediated defenses.**! 

Hydrophobic and electrostatic interactions between the material surface and bacteria 
have been proposed to mediate both stages of nonspecific bacterial adhesion.! Thermo- 
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dynamic analysis is commonly employed to predict the effect of hydrophobic interaction 
on bacterial adhesion to a solid surface in the absence of specific ligand-receptor 
binding.!™!842 The fundamental principle is that bacterial adhesion to a biomaterial 
surface becomes more thermodynamically favored as free energy of adhesion decreases. 
In the thermodynamic analysis, only physicochemical surface properties of the material, 
the bacteria, and bulk properties of the surrounding media are taken in account. Prevailing 
local hemodynamic conditions, which also play a role in bacterial adhesion, may limit the 
validity of these theory for predicting bacterial adhesion in vivo.*> 

Previously we have studied the effect of bacterial surface properties on S. epidermidis 
adhesion to polyethylene (PE) using a rotating disk system.*° This system enables 
adhesion to be studied under a well-defined range of shear stress within the physiologic 
regime (0-32 dyne/cm?). A positive correlation between bacterial surface hydrophobicity 
and adhesion was found under low shear stresses (0—8 dyne/cm?). This correlation was 
eliminated at higher shear, suggesting that adhesion of S. epidermidis may be predicted 
by thermodynamic theory reasonably well only under conditions of low shear. 
S. epidermidis surface charge did not correlate with bacterial adhesion to PE. The 
experiments reported here were performed to evaluate the validity of thermodynamic 
analysis in predicting the contribution of material surface hydrophobicity to nonspecific 
S. epidermidis adhesion under dynamic flow. Additionally, the influence of biomaterial 
surface charge on S. epidermidis adhesion under shear stresses was investigated. 


II. MATERIALS AND METHODS 


A. Bacteria 


The bacteria used in this study was the clinical isolate S. epidermidis RP62A (ATCC 
35984) which is an encapsulated slime producer. Cultures of the RP62A strain were 
maintained on tryptic soy agar, a mixture of tryptic soy broth (TSB; Difco, Detroit, MI, 
USA) and Bacto agar (Difco) and stored at 4°C. Prior to each experiment, RP62A strains 
were inoculated in TSB and cultured at 37°C for 24 h in order to reach the stationary 
growth phase. The cultures were washed twice with phosphate buffered saline (PBS, pH 
7.4; Sigma, St. Louis, MO, USA), suspended in PBS and maintained at ambient 
temperature. Experiments were conducted within 5 h of resuspension. 


B. Polymeric Biomaterials 


Sterile sheets of NHLBI primary reference low density polyethylene film 
(PE; Abiomed, MA) and polydimethylsiloxane (PDMS; Thoratec Laboratories, Berkeley, 
CA, USA) were used as received. Extruded films of Pellethane 2363-55D, a poly(ether 
urethane), (PEU), supplied by Medtronic Inc. (Minneapolis, MN, USA) were 
polymerized from 4,4-methylene bisphenyldiisocyanate, poly(tetramethyleneglycol) 
(MW 1000) and 1,4-butanediol in a 4.5:1:3.5 weight ratio. The PEU contained butylated 
hydroxytoluene antioxidant and methylene bis-stearamide extrusion lubricant. Some of 
the PEU sheets were extracted in hot toluene for 48 h to remove extrusion wax.*? 
Unmodified base poly(ether urethane urea) films (PEUU A’) were provided by E. I. 
DuPont Nemours. PEUU A’ was prepared from p-diphenyl-methanediisocyanate and 
poly(tetramethyleneoxide) (mol wt ~2000) in an approximately 1.6:1 capping ratio, and 
ethylenediamine was used as a chain extender. The PEUU A’ was cast on Mylar sheets 
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from a 20% solution in N, N'-dimethylacetamide. The air side surface was used for 
bacterial adhesion experiments as it provided a smoother surface than the Mylar side. The 
roughness of the Mylar side can lead to large surface aggregates of S. epidermidis 
RP62A.7 

Biomaterial samples were prepared by cutting the polymer sheets into 170.05 mm 
diameter disks using a precision-machined and heat-treated stainless steel die and a manual 
hydraulic press. This procedure ensured that the sample disks were reproduced with high 
dimensional accuracy and smooth edges. PEU, extracted PEU and PEUU A’ disks were 
sonicated for 20 min in MeOH, rinsed with deionized water (>18.2 MQ, Millipore, 
Bedford, MA, USA) and air dried. 


C. Self-Assembled Monolayers 


Four self assembled monolayers (SAM) composed of positively charged 3- 
aminopropyltriethoxysilane (APS), negatively charged carboxylic acid terminated SAM 
(CTS), hydrophobic octadecyltrichlorosilane (OTS) and trichlorovinylsilane (TVS) were 
prepared on 18 mm diameter glass coverslips and used as model surfaces. All glassware 
was cleaned by immersion in base solution overnight, followed by rinsing with deionized 
water and drying in an oven at 100°C overnight. The coverslips were sonicated in 
chloroform (HPLC grade, Fisher Scientific, Fair Lawn, NJ, USA), rinsed with a stream of 
chloroform, and then cleaned in an argon plasma system for 30 min. 

OTS, APS, and TVS modified glass were prepared via silanation reactions. CTS was 
prepared by derivatization of the TVS surface. Surface modification using OTS (Aldrich 
Chemical, Milwaukee, WI, USA) was performed by immersing glow-discharged treated 
coverslips for 30 min in a 1% OTS solution in dicyclohexyl (Aldrich).4! OTS and 
dicyclohexyl were both vacuum distilled before use. Silanation with APS (Aldrich) was 
performed by placing the coverslips for 2 min in a 0.1% APS solution in chloroform.*! 
After silanation, OTS and APS modified coverslips were removed with Teflon tweezers 
and rinsed with a stream of chloroform. Silanation with TVS (Aldrich) was performed by 
placing the coverslips for 5 min in a 5% TVS solution in chloroform.” The silane solution 
was exchanged with chloroform before pulling the modified sample through the air—liquid 
interface to remove unreacted TVS, which can react with water in the air, forming a white 
film on the surface. After fluid exchange, the TVS modified glass was removed with Teflon 
tweezers and rinsed in chloroform. All SAMs were then sonicated in chloroform for 
30-45 min, rinsed with chloroform, air dried, and stored in sealed fluoroware containers. 

CTS surfaces were prepared via permanganate—periodate oxidation of the TVS 
modified surface using the procedure of Wasserman et al.“ Briefly, TVS modified cover- 
slips were immersed in a 0.5 mM KMnO,/9.5 mM NalO,/1.8 mM K,CO; aqueous solu- 
tion for 24 h. All chemicals used in the oxidation reaction were purchased from Aldrich 
Chemical. The samples were removed from the oxidant, sonicated in 3 M NaHSO; (Fisher 
Scientific) and 0.1N HCl (Fisher), and rinsed with water and ethanol. The samples were 
then dried in a 100°C oven and stored in sealed fluoroware containers. Bromination of 
vinyl groups in TVS was used to assess the extent of KMnO,/NalO, oxidation.*4 The 
TVS and CTS modofied coverslips were immersed for 2 h in a 2% (v/v) solution of 
bromine (Fisher Scientific) in chloroform. The materials were rinsed with chloroform and 
then sonicated in chloroform for 20 min. After sonication, samples were rinsed with 
ethanol and dried at 100°C. 
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D. Surface Characterization 


Advancing and receding water contact angles using the sessile drop method were 
measured in air with a contact angle goniometer (Model 100-00; Ramé-Hart, Mountain 
Lakes, NJ, USA) using deionized water. Measurements were conducted on at least three 
spots for each sample, and three samples of each substrate were used. Analysis of surface 
roughness (root mean square value) was performed on each material surface, using an 
atomic force microscope (Bioscope; Digital Instruments, Santa Barbara, CA). 

X-ray photoelectron spectroscopy (XPS) was carried out using a Perkin Elmer PHI- 
5400 XPS system equipped with 400 W anode and 15 V X-ray source. The X-ray source 
was monochromatic Al K, radiation (1487 eV) and the take-off angle was fixed at 45 
degrees. A pass energy of 93.9 eV was employed to obtain survey scans from 0 to 1100 
eV for the Cis O,,, and Brza regions. The spectra were referenced to the Cis peak in C-C 
binding energy of 285 eV. Atomic compositions were calculated with Phi analysis 
software (Physical Electronics, Inc.), which utilized peak areas and pre-programmed 
atomic sensitivity factors. The XPS atomic compositions were measured from at least 3 
samples. 


E. Rotating Disk System 


The rotating disk system (RDS) provides a well-defined and reproducible dynamic 
flow environment in which to study bacterial adhesion under steady state conditions, 
which has been described previously.*°*? The shear stress (T, dyne/cm?) in a fluid 
laminar boundary layer at the surface of the disk varies linearly with the radial distance (r) 
from the center of the disk, such that 


w? 1/2 
Tss = 0.80017 (=) (1) 


Vv 


where n is the absolute viscosity of testing medium (poise), v is the kinetic viscosity 
(stokes), and œ is the angular velocity (rad/s). In addition, the flux of bacteria (j, cfu 
bacteria/s-mm7) to the disk is constant across the surface of the disk and is defined as: 


j =0.62 DP vw"? Ca, (2) 


where D is the diffusivity of the bacteria through the medium and C,, (cfu/mL) is the bulk 
concentration of bacteria in the test medium. D is given by the relationship D = KT/61nb, 
where K is the Boltzmann constant, T the absolute temperature (273°K), and b the radius 
of the bacteria (0.5 um). Bacterial adhesion was shown previously to be 
approximately shear stress independent at a shear stress greater than 15 dyne/cm?. 16-3540-42 
Therefore, studies were conducted at rotation speed of 1100 rpm, providing a shear stress 
range of 0-65 dyne/cm?. Bacterial adhesion was evaluated in a shear stress range of 0-33 
dyne/cm?. The effect of ionic strength in test media on bacterial adhesion was 
examined by rotating sample disks at 500 rpm, providing a shear stress range of 0-20 
dyne/cm.? Bacterial adhesion was evaluated in a shear stress range of 0-15 dyne/cm’. 


F. Bacterial Adhesion 


Material samples were attached to 17 mm diameter stainless steel disks using 
cyanoacrylate adhesive and press fit into a polytetrafluorethylene (PTFE) holder. The 
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disk assemblies were dried overnight, equilibrated in PBS for 1 h and then mounted on the 
rotating disk apparatus. The samples were positioned in a PTFE beaker containing the test 
media prior to disk rotation. All equipment used in the rotating disk experiments was 
steam-sterilized or presterilized and other precautions were taken in order to minimize 
adventitious bacterial contamination. To study the effect of changing ionic strength in the 
medium on bacterial adhesion, several PBS solutions (pH 7.4) were prepared at increasing 
total ion concentrations of 13.3, 132.7, 265.4, and 398.1 mM. 

Each inoculum was injected into testing media to a final concentration of ~108 cfu/mL 
using a syringe with a sterile 30 gauge needle to minimize bacterial aggregation. These 
experimental parameters provided a bacterial flux of 34 and 54 cfu/mm7'sec to the disk 
surface at the rotation speeds of 500 and 1100 rpm, respectively. Each rotation experiment 
was conducted for 1 h at 37°C, using a constant temperature water bath. Experiments 
were repeated no less than three times. After rotation, the test medium was immediately removed 
by fluid exchange with 150 mL of fresh PBS, followed by 100 mL of 1% paraformalde- 
hyde (PFA, Sigma). The bacteria adherent on sample disks were fixed by incubating in 
1% PFA for 10 min, before bringing the disk surface through the air—water interface. 
Samples were then removed from the rotating disk assembly and stored in 1% PFA. Each 
sample was rinsed in deionized water and stained for 10 min with the fluorescent nucleic 
acid stain acridine orange (AO; Molecular Probes, Eugene, OR, USA) at a concentration 
of 50 ug/mL in sodium acetate buffer at pH 3.5 for 10 min.?* Samples were rinsed with 
deionized water to remove excess stain and attached to clean glass microscope slides with 
a cyanoacrylate adhesive. After mounting with immersion oil, sample slides were stored 
in the dark at 20°C. 

Bacteria adherent to the sample disks were imaged and enumerated using standard 
image-analyzed epifluorescent microscopy techniques.!3* Samples were imaged using 
an inverted optical microscope (Nikon Diaphot 200) with epifluorescent attachment and 
mercury arc lamp light source (Nikon) using the B-2A filter cube in the light path. 
Fluorescence images were captured using a software driven digital chilled CCD camera 
(Photometrics AT200, Tucson, AZ, USA) and then displayed and stored using the 
software package Metamorph (Universal Imaging, West Chester, PA, USA). Adhesion 
was quantified by direct enumeration of fluorescently stained bacteria on the disk surface 
at radial distances spaced 1 mm apart. For each of the radial distances evaluated, bacterial 
counts over ten 6250 um? fields were summed and normalized to give the number of 
bacteria per square millimeter (N). 


G. Analysis of Bacterial Adhesion 


Bacterial adhesion data were analyzed quantitatively by calculating an adhesive 
coefficient (AC) for each of the radial distances evaluated. The AC is defined as: 


AC(%) = [NI(} - t] x 100, (3) 


where N is the number of bacteria counted per square millimeter, j is the bacterial flux to 
the rotating disk surface and ż is the duration of the rotation experiment in seconds. Note 
that j - t is the total number of bacteria transported to that surface area over the course of 
experiment. Therefore, the AC represents the percentage of bacteria that overcome the 
energy barrier opposing sufficiently close positioning to the surface to allow adhesion. 
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Table 1. Atomic Composition of Test Materials Determined from XPS Analysis 


Atomic composition* 














Surface RC %O %Si %other* 
Glow discharge-treated glass 6.2+0.6 68.4+0.1 25.4+0.6 - 

OTS 53.0+0.3 31.5+0.7 15.6+0.5 - 

APS 17.845.7 58.6+4.5 21.740.7 2.0+0.4 N 
TVS 16.5+1.6 58.6+1.7 24.9+0.3 - 

CTS 18.6+2.7 58.9+2.7 22.2*1.1 - 
Brominated TVS 30.6+2.5 43.9+1.8 20.1+0.6 5.5+0.2 Br 
Brominated CTS 25. 1£3:2 52.4+2.1 21.6+1.1 0.26+0.0 Br 


* Elements already existing on clean glass coverslips and less than 2% are not included. 
* Mean + standard error (n = 3). 


The AC reflects bacterial “affinity” for the material surface under the specified 
experimental conditions. Given that the theoretical constraints on the system are well 
approximated, the AC should not exceed 100%, which would indicate that all bacteria 
transported to the surface attach to the surface. 

Statistically significant differences (p < 0.05) between multiple means were determined 
by the method of analysis of variance (ANOVA). The statistical analysis was completed 
using Statistica 3.0b software (Statsoft Inc., Tulsa, OK, USA). 


IV. RESULTS 


A. Surface Properties of Test Materials 


In this study, materials derived from self assembled monolayers (SAM) were used as 
model surfaces to investigate the influence of surface properties, including hydrophobicity 
and charge, on nonspecific S. epidermidis adhesion. Analysis of surface roughness by atomic 
force microscopy indicated root mean square roughness (RMS) values of 1.66 nm for OTS, 
1.34 nm for APS, 1.88 nm for TVS, and 2.47 nm for CTS. Therefore, the SAM surfaces were 
relatively smooth compared with 1 um diameter S. epidermidis. In addition, bacterial adhe- 
sion has been found to be independent of surface roughness up to 1.4 um RMS.” 

Atomic composition data of SAM surfaces, determined from XPS measurements, are 
summarized in Table 1. Self assembled monolayers of carbon-rich silane compounds were 
formed on a silicon-rich glass substrate. The monolayers are very thin (<1 nm); therefore, 
the XPS spectra obtained are dominated by the Si,, (103 eV) and O,, (532 eV) peaks 
attributable to the underlying glass. As seen in Table 1, approx 6% carbon (285 eV) was 
found on glow-discharge treated glass coverslips. OTS exhibited the highest carbon and 
the lowest oxygen and silicon contents among the surfaces, because it had the largest 
chain length and monolayer thickness. The other surfaces, APS, TVS and CTS, showed 
similar C, O and Si contents due to their similar thicknesses (1-3 carbon atom(s) per 
chain). The nitrogen (N,,, 398 eV) peak was found in the APS spectra, but not in the others, 
and identifies the presence of the terminal amino groups in the APS. The 
percentages of C, O and Si were similar on the TVS and CTS surfaces; therefore, these 
surfaces could not be distinguished from the XPS survey scans. 
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Table 2. Water Contact Angles on Test Materials 


Contact angle* 





Surface a Re 

OTS 108.7+0.2 108.0+0.2 
PDMS 106.7+0.5 80.441.5 
Pellethane 97.9+0.6 96.0+1.0 
PE 96.1+0.2 95.6+0.4 
TVS 81.1+0.5 72.040.5 
PEUU A’ 69.6+0.6 58.2+0.6 
Extracted pellethane 69.4+1.0 56.542.1 
APS 40.0+0.3 38.3+0.1 
CTS 17.5+0.2 15.9+0.5 


* Water-in-air sessile drop method; mean + standard error (n = 9). 
t Advancing contact angles. 
t Receding contact angles. 


Table 3. Correlation Coefficients and p-Values 
for the Adhesive Coefficients of S. epidermidis to Materials 
and Surface Hydrophobicity at Different Shear Stress 


Shear stress (dyn/cm?) Correlation coefficient p-Value 
0 0.44 0.008 
4 0:35 0.023 
8 0.32 0.057 
16 0.33 0.050 


The extent of oxidation in CTS was assessed measuring bromination of remaining vinyl 
groups. TVS and CTS modified glass were placed in a 2% solution of bromine in 
chloroform for 2 h. Comparison of the amount of bromine (Brza, 70 eV) in TVS to CTS 
demonstrated that ~95% of vinyl groups had been oxidized. Wasserman et al. reported 
that, by using a similar oxidant solution, vinyl groups were converted only to carboxyl 
groups.“ Therefore, the amount of carboxyl groups on the CTS surface was presumed to 
be close to 95%, even though some vinyl groups might have been converted to hydroxyl 
groups, another possible oxidization product, and not further oxidized to carboxylic 
groups.” With this surface density of carboxylic acid groups, the effect of negative charge 
on CTS surface on S. epidermidis adhesion should be detectable and comparable to that 
of the positively charged APS surface. 

In addition to SAM surfaces, polymeric biomaterials also were included to determine 
the effect of hydrophobicity on S. epidermidis adhesion. Table 2 shows the results of the 
water contact angle measurements on both SAM and biomaterial surfaces. The advancing 
and receding contact angles are reported in order, from the highest to lowest surface 
hydrophobicity. 
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Figure 2. Adhesive coefficients of S. epidermidis RP62A as a function of shear stress to the 
following materials ordered from the highest to lowest surface hydrophobicity: OTS (a), 
PDMS (b), Pellethane (c), PE (d), TVS (e), PEUU (£f), extracted Pellethane (g), APS (h), and 
CTS (i) in 137 mM PBS. Error bars reflect standard error, and are not visible if the SE is 
smaller than the symbol (n = 3). 


B. Effect of Hydrophobicity on S. epidermidis Adhesion 


Figure 2 is a plot of adhesive coefficients (AC) of S. epidermidis RP62A to all material 
surfaces in order from the highest to lowest material hydrophobicity (left to right) as a 
function of shear stress in 132.7 mM PBS, approximately physiological electrolyte 
concentration. 

Statistical analysis of bacterial adhesion data at zero shear stress is shown in Figure 3. 
To compare bacterial adhesion on the different surfaces, results are arranged from highest 
to lowest hydrophobicity based on contact angle measurement. ANOVA analysis was 
used to show whether bacterial adhesion was statistically different on two surfaces. One 
can ascertain whether differences in bacterial adhesion exist between the surfaces by 
looking at results in the vertical column on the left and intersecting with results for another 
surfaces from the right diagonal. At zero shear stress, all materials with advancing contact 
angle >80° show significantly greater S. epidermidis adhesion than those with advancing 
contact angle <70°, except for positively charged APS (qq = 40°). Nevertheless, OTS 
with the highest contact angle (q, = 108°) showed significantly higher bacterial adhesion 
than APS. Bacterial adhesion was significantly greater on the positively charged APS 
surface than the noncharged PEUU A’ and extracted PEU surfaces which have much 
higher contact angles, demonstrating the ability of attractive electrostatic interactions to 
enhance adhesion of the net negatively charged S. epidermidis strain at zero shear stress 

Table 3 shows correlation coefficients and p-values of correlation between the AC and 
material surface hydrophobicity. Positive correlations were found over the entire range of 
shear stresses studied (0-32 dyne/cm?), however, correlations only at 0 and 4 dyne/cm? 
were Statistically significant. As seen by the decreasing correlation coefficients and 
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Figure 3. Statistical analysis of bacterial adhesion data at zero shear stress. 


p-values with increasing shear stress, the sensitivity of bacterial adhesion to material 
hydrophobicity was limited by shear stress. At a shear stress of 4 dyne/cm?, the ACs of 
bacteria to OTS and PEU were statistically greater than those to PEUU A’ (p < 0.03), 
PEU (p < 0.02) and APS (p < 0.04). Even though no statistically significant positive 
correlations were observed at shear stresses >10 dyne/cm?, the AC of bacteria to APS was 
statistically lower as compared with OTS (p < 0.03) and PEU (p < 0.05) at 8 dyne/cm?. 
Adhesion to OTS was statistically greater than those to the other surfaces (p < 0.05) with 
the exception of PDMS at 16 dyne/cm?, and OTS exhibited significantly greater bacterial 
adhesion than all other surfaces (p < 0.001) at 32 dyne/cm?. 


C. Effect of Ionic Strength on S. epidermidis Adhesion 


Figure 4 shows plots of AC of RP62A to (a) OTS, (b) TVS, (c) APS, and (d) CTS as a 
function of shear stress in PBS of varying ionic strength. As expected, no correlation 
between electrolyte concentration and adhesion to the nonionized OTS and TVS surfaces 
was seen over the entire shear range. At shear stresses of 0-32 dyne/cm?, average bacterial 
adhesion to positively charged APS in 13.7 mM PBS was greater than at higher ionic 
strength, and the attractive electrostatic interaction dropped off quickly with increasing 
ion concentration. Due to counting variability, however, this trend was not statistically 
significant. For the negatively charged CTS surface, at zero shear stress S. epidermidis 
tended to show gradually greater adhesion as the ionic strength of the testing media was 
increased, and adhesion in 398.1 mM PBS is statistically greater than at 13.27 and 132.7 
mM. The weak correlation with ionic strength was eliminated at higher shear stress. 


V. DISCUSSION 


DLVO theory is a well-known construct which utilizes electrostatic and van der Waals 
forces to explain long range interactions between two macroscopic surfaces having the 
same sign surface charge (distance >150 nm).!°? The total interaction energy (AG otai) 
represents the summation of the free energy of van der Waals attraction and electrostatic 
repulsion as a function of separation distance. Adhesion between two surfaces is more 
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Figure 4. S. epidermidis RP62A adhesion to (A) OTS, (B) TVS, (C) APS, (D) CTS in 13.7 
(a); 137 (b); 274 (c); and 411 (d), mM PBS. Error bars reflect standard error (SE), and are 
not visible if the SE is smaller than the symbol (n = 3). 


favorable at primary (distance <1 nm) and secondary (distance ~5—20 nm) minima, with 
an unfavorable energy barrier between. Fitting this model to the current study, bacterial 
adhesion would be considered irreversible at the primary minimum and reversible at the 
secondary minimum. !?:?9-36 

Typically, bacteria initially interact with a surface at the secondary minimum, where 
the bacteria are able to move laterally about the biomaterial surface.*? The primary 
minimum, which leads to closer contact, is then reached by two pathways, either 1) by 
overcoming the energy barrier by attractive hydrophobic interaction; or 2) by bridging 
this separation distance by protruding their fibrillar adhesin structures.7° 

For both pathways (direct contact and bridging), the water layer(s) between bacteria 
and substrate must be removed, which can be predicted from thermodynamic analysis. 
The thermodynamically favored adherence of bacteria to surfaces is indicated by the 
negetive changes in Helmholtz free energy of adhesion (AG,g,).”!”!8 A thermodynamic 
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model has been developed by Absolom et al. to predict the bacteria—substrate adherence 
considering only nonspecific interactions.!* This model is based on calculating AG ap, 
as a function of biomaterial surface tension, in three distinct solutions. For the case in 
which bacterial surface tension is less than the media surface tension, then AG, ,, increases 
with increasing material surface tension (Ysy). On the other hand, if the bacterial surface 
tension is greater than the media surface tension, then AG,ap decreases with increasing 
Ysy- In the last case, if bacterial surface tension is equal to the media surface tension, then 
AG, gn becomes zero and independent of Ysy. In the system of aqueous medium, solid 
surface tension corresponds to surface hydrophibicity. For S. epidermidis, the surface 
tension (64.5—70.4 mN/m) is less than that of physiological saline buffer (73 mM/m).”!! 
Thus, using the thermodynamic model, increasing S. epidermidis adhesion is predicted 
with increasing material hydrophobicity. This prediction is in agreement with numerous 
studies in which the same strains of S. epidermidis were tested in static environments on 
different surfaces.”!! 

Charged and noncharged SAMs covering a wide range of hydrophobicity (water contact 
angle = 18—109°) were selected as model surfaces to examine the validity of the thermo- 
dynamic analysis for predicting S. epidermidis RP62A adhesion. The SAM surfaces 
provided consistency in type, amount, and configuration of functional groups, with mini- 
mal changes in the intersample and intrasample surface roughness, as seen in the data 
obtained from XPS and AFM analysis. The high intersample and intrasample chemical 
and physical homogeneity of SAM surfaces minimized the contributions of other factors 
such as topography and deviations in surface wettability on adhesion. In addition, four 
polymer biomaterials were examined to test whether the effect of the hydrophobicity of 
SAMs on bacterial adhesion were quantitatively similar to that of the polymeric biomaterials. 

A PBS solution of physiological ion concentration (132.7 mM) was used as the medium 
to determine the contribution of material surface hydrophobicity on nonspecific bacterial 
adhesion. In this study, the adherent S. epidermidis were fixed with 1% PFA solution 
before bringing through air—water interface, therefore, both reversible and irreversible 
adhesions were quantified. Over the entire range of shear studied (0-32 dyne/cm7’), 
surfaces with higher hydrophobicity tended to show greater S. epidermidis adhesion, and 
quantitative statistical differences in adhesion were found between materials having 
sufficiently different hydrophobicity, indicating a positive correlation between the surface 
hydrophobicity of materials and the adhesion of S. epidermidis. The highest correlation 
coefficients and p-values were found at zero shear and decreased as increasing shear stress 
was applied to the surfaces, demonstrating that the sensitivity of this positive correlation 
is suppressed by increasing the applied shear stress. 

Figure 5 shows a plot of the average AC of S. epidermidis RP62A strains to all materials 
vs. advancing contact angles of the test materials in 132.7 mM PBS. Critical advancing 
contact angles (0,,;,) were defined as the intersection of the two lines fitted by linear 
regression to adhesion curves, separating the shear range into two regions, which are 
relatively independent (region I) and dependent (region II) upon substrate hydrophobicity. 
At least three adhesion data sets represented each region. At zero shear stress, the AC of 
RP62A to APS was excluded from region I due to the observed enhancement of bacterial 
adhesion via attractive electrostatic interaction between positively charged APS and net 
negative bacteria surface. 
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Figure 5. Average adhesive coefficient profile (n = 3 for each datum) of S. epidermidis 
RP62A, as a function of material contact angle data (n = 9), and shear stress. (a) 0, (b) 4, (c) 
8, (d) 16 and (d) 32 dyne/cm?. For region II in each plot, bacterial adhesion is strongly 
dependent on contact angle, but independent in region I. The transition between regions I 
and II, the critical contact angle (8,,;,), is defined by the intersection of two lines fitted by 
linear regression to the adhesive coefficient profile. Error bars are standard errors (SE) and 
are not visible if the SE is smaller than the symbol (n = 3). 


Bacterial adhesion is thermodynamically favored when the adhesion energy is negative 
and decreases with increasing surface energy. The data in region II, which are strongly 
dependent on material hydrophobicity, are in agreement with this theory. In contrast, the 
adhesion in region I appears to be relatively constant as material surface hydrophobicity 
increases. 0,,;, defines a point above which the biomaterial surfaces have sufficiently low 
surface energy such that bacterial adhesion can be predicted using thermodynamic 
theories. At shear stresses of 0-8 dyne/cm? (Fig. 5a,b,c), Oo was observed at ~70°. At 
higher shear stresses (16-32 dyne/cm?), Ooit was found to shift to ~100°. Jansen et al.?° 
also found that S. epidermidis adhesion to biomaterials increased with increasing 
material hydrophobicity, but remained constant when the surface hydrophobicity was 
sufficiently low to provide positive values of adhesion enthalpy. A similar bacterial 
adhesion profile, as a function of biomaterial surface tension, has been reported by 
Kiermitci-Giimiisderelioglu et al.?* However, the adhesion of negatively charged E. coli 
was tested against only three biomaterials including polypropylene, Pellethane, and 
poly(hydroxyethylmethacrylate); therefore, no discussion of a O., was developed. These 
studies suggest that, in vitro, a certain minimum number of bacteria will adhere even 
under apparently unfavorable free energy conditions. 

Bacterial adhesion under apparent thermodynamically unfavorable conditions 
(AG gn >0) has been reported previouslyć?8-37 and found to be strain dependent.’ Busscher 
et al. explained this observation as the result of protrusion of fibrillar surface structures or 
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Figure 6. A proposed mechanism of nonspecific S. epidermidis adhesion to biomaterials of 
differing surface hydrophobicity in aqueous medium. The shaded regions represent 
biomaterial surfaces varying low to high water contact angles (left to right). S. epidermidis 
are positioned at the material surface within a secondary energy minimum as predicted by 
DLVO theory. Bacteria may then firmly adhere to the materials by either the hydrophobic 
effect, if O < Ooie or by fimbria-like appendage formations, if 8 > erit- 


by the extrusion of an intercellular glue, or both. Therefore, this may indicate that the 
previous thermodynamic analysis is valid only for direct contact of bacteria with the 
surface. However, van Pelt et al. and Busscher et al. have observed that in vivo and in vitro 
bacterial adhesions were not qualitatively different, but reversible if AG,4,>0, indicating 
the mediation of material surface energy in binding strength of bacteria.*” S. epidermidis 
surface proteins (SSP-1 and SSP-2) associated with fimbria-like polymers have been 
found that mediate bacteria adhesion to polystyrene.** The production of proteins and 
formation of adhesive patches have been observed after 1 h of adhesion, which is the 
testing duration of our studies.? Based on these findings, we propose a model, illustrated 
in Figure 6, to explain bacterial adhesion as a function of biomaterial surface tension. 
Water layers formed on the surfaces with contact angles >6,,;, can be removed, allowing 
attractive hydrophobic interactions to overcome repulsion and thus position bacteria at 
the primary minimum. This results in direct contact between bacteria and the material 
surface (<1 nm). The ease of water removal depends upon the hydrophobicity of both 
bacterial and material surfaces, resulting in more bacteria passing over the energy barrier 
and consequently direct attachment to the surface. When material hydrophilicity is 
sufficiently high to anchor the water layer(s), the hydrophobic effect is not strong enough 
to overcome the energy barrier and bacteria will remain at the separation distance of the 
secondary minimum. Bacteria may then conformationally change their fibrillar surface 
structures to reversibly adhere to the surface. The strength of fibrillar attachment may 
depend on surface energies of both bacteria and material, as reported by van Pelt et al.637 
However, under these conditions, hydrophobic interactions do not govern the position of 
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bacteria at the secondary minimum, therefore, the number of adherent bacteria will be 
independent on material surface contact angle. 

The shift of Or from 70 to 100° at shear stress >16 dyne/cm/? indicates that high shear 
stress can overcome the attractive hydrophobic interactions, resulting in the detachment 
of adherent bacteria. Materials with low surface energy can maintain high adhesion via 
stronger hydrophobic interaction. However, the AC at 0,,;, drops dramatically for all 
materials, as shear stress increases to >16 dyne/cm?. 

Nonspecific electrostatic shielding in PBS solutions of increasing ionic strength was 
used to determine the effect of material surface charge on bacterial adhesion. Modulation 
of adhesion to both positively charged APS and negatively charged CTS surfaces due to 
electrostatic shielding demonstrates the influence of material surface charge on both 
repulsive and attractive electrostatic interactions. The results are in agreement with many 
previous studies conducted under static conditions. Coverage of amino groups on the 
APS surface is expected to be ~100%, and coverage of carboxyl groups on the CTS surface 
was estimated to be ~95% by XPS analysis. Therefore, the adhesion data obtained from 
these two surfaces should be comparable. However, as seen in Figure 5, only the attractive 
interaction was found to significantly modulate S. epidermidis adhesion at physiological 
electrolyte concentration. For positively charged APS, the electrostatic interaction is 
attractive so that the energy barrier vanishes and S. epidermidis approach the primary 
minimum without difficulty,” resulting in greater adhesion than predicted based on 
material contact angle. For CTS surfaces, which carry a charge of the same sign as the 
RP62A strain, electrostatic interaction is repulsive and the resulting energy barrier may 
prevent the bacteria from positioning in the primary minimum. Electrostatic repulsion 
between CTS and bacteria was greater than those between uncharged surfaces and 
bacteria, resulting in the secondary minimum at further distance of separation. However, 
modulation of electrostatic repulsion as reflected in the bacterial adhesion was not found. 
This indicates that the separation distance of the secondary minimum of RP62A adhesion 
to CTS at physiological ionic strength is still in the range that reversible adhesion through 
fibrils may form. 


VI. SUMMARY 


Material surface hydrophobicity plays an important role in nonspecific bacterial 
adhesion at shear stresses of 0-32 dyne/cm?. However, dynamic flow conditions limit the 
effective strength of this correlation. Thermodynamic analysis was found to be valid only 
for materials with greater than 70° water contact angle. For materials with contact angles 
below 70°, S. epidermidis adhesion is relatively independent of material surface 
hydrophobicity, indicating that a minimum number of bacteria in vitro adhere to the 
biomaterial surfaces independent of surface energy. Both repulsive and attractive 
interactions were found to be involved in S. epidermidis adhesion, but only the attractive 
interaction was found to significantly alter adhesion in saline buffer at physiological ion 
concentrations (132.7 mM total ion concentration) at zero shear stress. In the previous 
studies, S. epidermidis strains with higher surface hydrophobicity showed significantly 
greater adhesion to PE in 137 mM PBS at low shear stresses (0-8 dyne/cm?). At higher 
shear stress, this correlation between bacterial surface hydrophobicity and bacterial 
adhesion was eliminated. Also no correlation was found between S. epidermidis surface 
charge and bacterial adhesion to uncharged PE. Combining previous results with those of 
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the current study, we suggest that modulation of material surface properties, including 
material hydrophobicity and charge, will be useful in controlling unwanted nonspecific 
bacterial adhesion. The range of relative hydrophobicity for the biomaterials tested is 
much wider than that of different bacteria. Nonionic surface modifications to biomaterials 
which enhance hydrophilicity should help suppress the contributions of both bacterial and 
substrate hydrophobicity to the nonspecific mechanism of adhesion, but may not prove 
sufficient to completely prevent device-centered infection. More sophisticated molecular 
designs of surface modifications, including highly hydrated long-chain molecules with a 
long range effective hydration distance and antibiotic modified surfaces, may be more 
effective approaches for developing infection-resistant biomaterials. 
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I. THE ORAL CAVITY, 
A UNIQUE ENVIRONMENT FOR STUDYING BIOFILM FORMATION 


The oral cavity offers two interesting particularities which allow the evaluation of 
bacterial adhesion under a variety of conditions. From an ecological view point the 
oropharynx is considered an “open growth system” with an uninterrupted ingestion and 
removal of microorganisms and their nutrients. In order to colonize the oral cavity, 
bacteria must tackle the host defense mechanisms (including continuous shedding of 
mucosal membranes) and a variety of removal forces (e.g., friction by food intake, 
tongue and oral hygiene implements as well as the wash-out effect of the salivary and 
crevicular fluid outflow) (Fig. 1). Adherence to a surface is thus a key element for the 
colonization of the human oral cavity by the more than 500 bacterial taxa recorded 
from human oral samples which may cause inflammatory processes (e.g., gingivitis 
and periodontitis) (Fig. 1). 

In the oral cavity bacteria can select from three distinct surfaces: the intra-oral 
hard surfaces (e.g., teeth, oral implants, dentures), the epithelial mucosae, and the 
nascent surface created when a new bacterium binds to an existing bacterial plaque 
(co-aggregation). Most research on intra-oral biofilm formation has been devoted to 
nonshedding intra-oral hard surfaces (teeth, oral implants, prostheses, etc.), because 
it is generally accepted that the constant renewal of the epithelial surfaces by 
shedding prevents the accumulation of large masses of microorganisms on the 
latter. However, several observations highlighted a significant intraspecies 
variation in the adhesion ability of pathogenic species to oral epithelia (dependent on 
the presence, composition and/or size of their capsule) (Fig. 2). Moreover, recent 
reports also seem to indicate an important intersubject variation in the rate of the 
initial bacterial adhesion to in vitro cultured epithelial cells.** These data are to be 
taken into consideration to understand the intersubject variation in susceptibility to 
different oral infections. 
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Figure 1. Schematic drawing representing a variety of intra-oral ecological sites to study 
biofilm formation with a distinction between the supra- and subgingival areas. A tooth (left) 
and a permucosal implant (right, consisting of an endosseous part, the fixture, F, and a 
transmucosal part, the abutment, A) form an unique ectodermal interruption which is 
reassured by a specific epithelial-connective tissue seal. In case of bacterial accumulation 
both gingivitis (the swelling of the gingiva) and periodontitis (the destruction of the 
periodontal tissues including the connective tissues, alveolar bone and periodontal ligament, 
the latter only present around teeth ) results in the formation of a periodontal pocket (right 
site for each abutment type) with a specific subgingival environment. Supragingivally 
bacteria can adhere to the hard surface (1) or, to a lower extent, to the desquamating oral 
epithelium (2). Subgingivally more niches become available for bacterial survival: (3) 
adhesion to the hard surface (root cementum or dentin in case of a tooth, variety of surfaces 
in case of an implant), (4) adhesion to the desquamating pocket epithelium, (5) swimming/ 
floating in the crevicular fluid (the inflammatory exudate leaking through the epithelium into 
the pocket), (6) invasion into the epithelium with its large intercellular spaces which line the 
pocket, (7) invasion into the hard tissue (via the dentine tubules in case of a tooth or via 
penetration along the implant components in case of an implant). Adapted from ref.*° 


The biofilm on intra-oral hard surfaces is commonly called “plaque” because of its 
yellowish color, reminiscent of the mucosal plaques caused by syphilis. This 
accumulation of bacteria on teeth and/or permucosal implants forms a challenge to the 
periodontium because of the unique interruption of the ectodermal surfaces. Teeth and 
permucosal implants form a direct contact between the external environment and the 
bodily tissues through a seal of epithelial-connective tissue (Fig. 1). A bacterial 
accumulation on the supragingival area induces a swelling of the gingival margin due to 
an inflammatory host response reaction, which results in the creation of a small crevice 
between the gingiva and the tooth crown. Thereby an anaerobic environment 
(a subgingival area) is created which results in an overgrowth by anaerobic species that 
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Figure 2. Fluorescent microscopic picture (enlargement X1000) of two in vitro cultured 
monolayers form epithelial samples of one patient, after staining (LIVE/DEAD “Baclight” 
Bacterial Viability Kit; Molecular Probes, Eugene OR, USA) live cells and bacteria green 
and dead cells or bacteria red. Each monolayer had been seeded with a comparable number 
of different Porphyromonas gingivalis strains. The number of bacteria/cell is clearly lower 
in image A (capsule free strain) than in image B (capsule positive strain). 


are considered even more pathogenic, resulting in the initiation of a vicious circle. With 
time, such an inflammatory process will lead to the creation of, at least in susceptible 
patients, a deep periodontal pocket resulting from direct (by bacteria) and indirect (due to 
the host response) tissue breakdown. These gingival pockets, with their subgingival area, 
offer a range of new possibilities for bacteria to survive in the oral environment (Fig. 1). 

In the edentulous patient, dentures will offer other easily accessible surfaces to study 
biofilm formation. Whereas on the outer side of the denture removal forces retard a 
biofilm, bacteria are shielded against them at the mucosal surface of the denture. 

This chapter will illustrate and discuss intra-oral observations on the impact of surface 
roughness and surface free energy on the biofilm formation. It will also link these data to 
reports from other areas. Modification of these variables may facilitate the prevention of 
oral diseases and be of clinical relevance. 


II. PHYSICOCHEMICAL INTERACTIONS 
BETWEEN BACTERIA AND INTRA-ORAL HARD SURFACES 


Although, up to now, no completely satisfactory picture for bacterial adhesion to hard 
surfaces in an aquatic environment exists,*! the following concept can help to understand 
most aspects of this adhesion process. Microbial adhesion in the oral cavity has been 
described (Fig. 3a) as a four-stage sequence.®°7364!,42 This diagram of events clarifies the 
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Figure 3. (a) Schematic representation of the dynamic plaque formation process as a four- 
stage sequence: I: random transport of bacterium (Bac) to the surface (S), the latter is 
covered with the aquired pellicle (P) and an electrical double layer (t), I: initial adhesion at 
secondary minimum (which often does not reach large negative values so that the adhesion 
is reversible), or directly at the primary minimum (with an irreversible binding) depending 
on the resultant of the van der Waals attractive force (G4) and the electrostatic repulsive 
force (Gp), HI: attachment of bacterium to the surface by specific interactions after bridging 
the separation gap or after passing the energy barrier, IV: colonization of the surface and 
biofilm formation (primarily by cell dividing and by bacterial intrageneric and/or inter- 
generic co-aggregation. (b) Long-range interaction between a negatively charged bacterium 
and a negatively charged surface according to the DLVO theory.’ The Gibbs energy of 
interaction (G,,,) is calculated, in relation to the separation gap (D), as the summation of the 
van der Waals force (G,) and the electrostatic interaction (Gp). Electrostatic interactions 
start when the electrical double layers overlap each other (t, thickness of the electrical double 
layer or Stern layer). Adapted from refs.”3042 (Note that the size of the bacterium is too 
small in relation to the separation gap.) 
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hard-surface—bacteria interaction as well as the impact of surface characteristics on this 
interaction. 


Phase I: Transport to the Surface 


The first stage involves the initial transport of a bacterium to the surface. Random 
contact may occur, for instance, through Brownian motion (average displacement of 
40 um/h), through sedimentation, through liquid flow (several orders of magnitude faster 
than diffusion), or through active bacterial movement (chemotactic activity). 


Phase II: Initial Adhesion 


The second stage results in an initial reversible adhesion of the bacterium, initiated by 
the interaction between the bacterium and the surface from a certain distance (50 nm) via 
long and short-range forces (Fig. 3a). 

Long-range forces. Bacteria may be considered as living colloidal particles, and as 
such they obey the laws of physical chemistry. If a colloidal particle approaches a surface, 
it interacts with that surface by means of 2 forces: the van der Waals forces (the first force 
to become active at distances even above 50 nm) and the electrostatic forces (at closer 
approach). Three types of van der Waals attractive forces (G4) have been identified 
depending on the interacting molecules/atoms: the London dispersion forces, the Debye 
forces and the Kesson forces. Moreover, charged particles, in water, will be neutralized 
by a counter-charged layer that is diffusely distributed around the particle (the electrical 
double layer or Stern layer, Fig. 3b). When the double layer of a particle overlaps the 
double layer of the surface, an electrostatic interaction will take place. Since in the oral 
cavity most bacteria and the surfaces are negatively charged, the latter because of the 
spontaneous formation of the acquired pellicle (a glycoprotein rich layer that is formed 
immediately after introduction of a hard surface in the oral cavity), this electrostatic inter- 
action is of a repulsive nature (Gg). The energy of this electrostatic interaction is 
determined by the zeta potential of the surface.*° The distance at which this interaction 
appears is dependent on the thickness of the double layers, which themselves depend on 
the ionic charge of the surface and the ionic concentration of the suspension medium (for 
saliva the suspension ionic strength is considered to be medium). Derjaguin, Landau, 
Verwey, and Overbeek (DLVO) have postulated that, above a separation distance of 1 
nm, the summation of the above mentioned 2 forces (G, and Gg) describes the total long- 
range interaction.’ The total interaction energy (also called the total Gibbs energy, Grn 
for most bacteria in a suspension with a medium ionic strength (such as saliva) consists of 
a secondary minimum (where a reversible binding takes place: 5-20 nm from the surface), 
a positive maximum (an energy barrier to adhesion), and a steep primary minimum 
(located <2 nm away from the surface) where an irreversible adhesion is established (Fig. 
3b). For bacteria in the mouth the secondary minimum does not frequently reach large 
negative values,*! which results in a “weak” reversible adhesion (defined as a deposition 
to a surface in which the bacterium continues to exhibit Brownian motion and can readily 
be removed from the surface by mild shear or by the bacterium’s own mobility). Surface 
irregularities, however, will protect bacteria against shear forces, so that an irreversible 
attachment can be established (see below). On the contrary, on smooth surfaces, bacteria 
will easily detach. The positive maximum (B), that decreases with increasing ionic 
strength of the flow medium, is frequently low in the oral cavity (the smaller the particle 
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the lower the height of the energy barrier B) so that a fraction of the bacteria may contain 
sufficient thermal energy to pass this barrier in order to reach the primary minimum 
(irreversible binding). 

Short-range interactions (Fig. 3a). If a particle reaches the primary minimum (< Inm 
from the surface), a group of short range forces (e.g., hydrogen bonding, ion pair forma- 
tion, steric interaction, etc.) dominate the adhesive interaction and determine the strength 
of adhesion. Therefore, the DLVO theory is only able to predict whether primary 
minimum adhesion can occur; it cannot quantify the depth of this minimum. When a 
bacterium and a surface make direct contact, provided the water film present between the 
interacting surfaces can be removed, the interaction energy can be calculated from 
the assumption that the interfaces between bacterium—liquid (bl) and solid—liquid (s1) are 
replaced by a solid—bacterium (sb) interface. The change in the interfacial excess Gibbs 
energy upon adhesion is described by the formula: 13 


AGaah = Ysb- Ysi -Yol 


in which the interfacial free energy of adhesion for bacteria (AG) is correlated with the 
solid—bacterium interfacial free energy (Yp), the solid-liquid interfacial free energy (Y), 
and the bacterium-liquid interfacial free energy (y,,). This formula however, assumes that 
the effect of electric charges as well as specific biochemical interactions may be neglected. 
If AG, a, is negative (nature tends to minimize free energy), adhesion is thermodynamically 
favored and will proceed spontaneously. Bacteria initially adhering in the secondary 
minimum may also reach the surface by bridging this distance by protruding their fibrils, 
fimbriae, etc. (Fig. 3a). Because fimbriae have considerably smaller radii than the microbe 
itself, the electrostatic repulsion on these structures (which depends on their radius) will 
decrease, whereas the attractive van der Waals forces (which do not depend on the radius) 
remain constant so that for these structures the value of the energy barrier (B) decreases. 
For both situations (direct contact or bridging) the water film between the interacting 
surfaces has to be removed. This dehydrating capacity of bacteria occurs by hydrophobic 
groups associated with bacteria or their surface appendages. Hypothetically, the removal 
of interfacial water may be the main mechanism by which “cell surface hydrophobicity” 
and “substratum surface hydrophobicity” influence bacterial adhesion.*°* Sometimes, 
bacteria are forced to stay at a certain distance from the surface, not because of an energy 
barrier but because of steric hindrance between the surface coating polymers. Sometimes 
the electrostatic forces are so important that the thermodynamic concept becomes 
overruled. 


Phase III: Attachment 


After initial adhesion a firm anchorage between bacteria and surface will be 
established by specific interactions (covalent, ionic, or hydrogen bonding) after direct 
contact with or bridging by true extracellular filamentous appendages (with a length of up 
to 10 nm). Such bonding is mediated by specific extracellular proteinaceous components 
of the organism (adhesins) and complementary receptors on the surface (e.g., pellicle) 
and is species-specific. Indeed, immediately following professional cleaning, a thin host- 
derived layer (the acquired pellicle) covers the tooth surface (as is the case for nearly 
every surface in the human being or in other environments). The pellicle in the oral cavity 
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consists of mucins, glycoproteins, proline-rich proteins, histidine-rich proteins, enzymes 
like o-amylase, and other molecules. Some molecules from the pellicle (e.g., proline-rich 
proteins) evidently undergo a conformational change when they adsorb to the surface so 
that new receptors become available. Actinomyces viscosus, an early intra-oral colonizer 
for example, recognizes cryptic segments of the proline-rich proteins which are only 
available on adsorbed molecules.!?:!3 This provides a microorganism with a mechanism 
for efficiently attaching to teeth and also offers a molecular explanation for their sharp 
tropisms for human teeth. It has been proven convenient to refer to such hidden receptors 
for bacterial adhesins as “cryptitopes” (cryptic = hidden, topos = place). On the other 
hand, the surface also has an impact on the developing pellicle. 


Phase IV: Colonization 


When the firmly attached microorganisms start growing and newly formed cells 
remain attached, a biofilm may develop. From now on, new events are involved, because 
intrabacterial connections (co-aggregation) may occur. Each attached streptococcal and 
actinomyces strain binds specific salivary molecules. Thus from a common pool of 
salivary molecules, each strain of early colonizer may be coated with distinct molecules. 
Identical cells coated with a specific salivary molecule may also agglutinate, which would 
lead to a microconcentration and juxtapositioning of a particular strain. Alternatively, 
growth of a particular accreted strain would also lead to a microcolony coated with 
specific salivary molecules. Such events could dramatically alter the diversity of salivary 
molecules exposed to later colonizers. 

In this concept of bacterial adhesion, both surface roughness and surface free energy of 
the solid substratum play an important role. On a rough surface bacteria are better 
protected against shear forces so that a change from reversible to irreversible bonding 
occurs more easily and probably more frequently. The substratum surface free energy 
becomes important when the water film between the interacting surfaces has to be 
removed before short range forces can be involved. 


IHI. SURFACE ROUGHNESS AND INTRA-ORAL BIOFILM FORMATION 


Scanning electron microscopy clearly reveals that initial colonization of the intra-oral 
hard surfaces starts from surface irregularities such as cracks, grooves, perikymata, or 
abrasion defects and subsequently spreads out from these areas as a relatively even mono- 
layer of cells. With time, plaque areas develop at the irregularities which alternate with 
less extensively colonized surrounding areas.!8-20.24 Similar observations were recorded 
for the colonization of the mucosal surface of acrylic dentures.*” Thus initial adhesion, 
especially supragingivally, preferentially starts at locations where bacteria are sheltered 
against shear forces, because time is given to the change from reversible to irreversible 
attachment (see adhesion model, Fig. 3a). Moreover, at surface irregularities and other 
sites of stagnation, bacteria, once attached, can survive longer because they are protected 
against removal forces?’ and even against oral hygiene measures.” Finally, one should 
keep in mind that a roughening of the surface also increases the area available for 
adhesion by a factor 2 to 3. 
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Figure 4. Photographs showing the clinical impact of surface roughness and surface free energy 
on de novo plaque formation. Two small strips were glued to the central upper 
incisors of a patient who refrained from oral hygiene for 3 d. Each strip was divided in two 
halves, a rough region (R, 2.0 um) located mesially, and a smooth region (R, 0.1 um) distally 
located. The left strip was cellulose acetate (medium sfe: 58 ergcm’’) and the right strip Teflon 
(low sfe: 20 ergem?). Plaque was disclosed with 0.5% neutral red solution. The smooth regions 
show the decrease in biofilm formation and the impact of the low surface free energy; the rough 
regions demonstrate the predominance of surface roughness, i.e., more plaque and no differ- 
ence between the two materials. (Sample from the clinical study of Quirynen et al.”’). 


A. Surface Roughness and Supragingival Area 


Numerous in vivo studies have examined the effect of surface roughness on intra-oral 
biofilm formation. An overview of these studies*° justifies the following general state- 
ments: 1) Rough surfaces accumulate and retain more bacteria (thickness, area, and colony 
forming units). 2) After several days of undisturbed biofilm formation, rough surfaces 
harbor a more mature plaque characterized by an increased proportion of motile 
organisms and spirochetes. 3) As a consequence, rough surfaces were more frequently 
surrounded by an inflamed gingiva. The significant contribution of surface roughness is 
illustrated in Figure 4. 


B. Surface Roughness and Percutaneous Surfaces 


The impact of surface roughness on the subgingival biofilm formation could 
easily be examined using the abutments of 2 stage implants (Fig. 1). In an in vivo study 
plaque formation on standard (R, = 0.3 um) and roughened abutments (R, = 0.8 um) was 
evaluated after 3 mo of habitual oral hygiene.”* Supragingivally, rough abutments 
harbored significantly more noncoccoid microorganisms (36 vs 19%), which is indicative 
of a more mature and pathogenic flora. Subgingivally, rough surfaces harbored 25-fold 
more bacteria, with a slightly lower density of coccoid organisms. Because bacteria have 
more possibilities of survival in the subgingival area as compared to the supragingival area 
(Fig. 1), it is clear that modifications in only one of these possibilities will have a less 
significant impact. Two more recent studies confirmed these observations and established 
a “threshold level” (R, = 0.2 mm) for the surface roughness below which a further 
smoothening had no additional effect on the reduction in bacterial adhesion.**! These 
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observations were confirmed by Rimondini and co-workers*? who examined initial biofilm 
formation (first 24 h) by scanning electron microscopy on intra-orally fixed titanium 
specimens with R, values ranging from 0.1 to 2.4 um. Whereas smooth surfaces hosted 
comparable amounts of bacteria, the rough surfaces harbored significantly higher 
numbers. 


IV. SURFACE FREE ENERGY 


Absolom calculated the change in AG „an for the attachment of bacteria in suspension to 
substrata with different surface free energy (sfe) taking into account the sfe of the three 
interacting species, i.e., the sfe of the bacterium y,,,, the sfe of the substratum y,,, and the 
surface tension of the suspending medium yp.!? When Yn is greater than the surface free 
energy of the bacterium (y;,), then AG an becomes progressively less negative with 
increasing substratum surface free energy (y,,) predicting enhanced adhesion on the low 
energy (hydrophobic) substrata. On the other hand, when Y, < Yp, the opposite pattern of 
behavior is predicted, i.e., enhanced adhesion on the high energy (hydrophilic) substrata. 
For the rare cases in which Y» = Yp, AG,g, becomes equal to zero independently of the 
value of y,,. This model does not predict the number of bacteria that will adhere, it only 
predicts the relative extents (i.e., greater or lesser) of bacterial adhesion that are likely to 
be observed.!? From this mathematic equation, two conclusions can be drawn: 1) Since 
most oral bacteria have a high y,,,“° and because the saliva has a relative low y;,,!> the 
situation Y, < Yp will be frequently (for most bacteria) encountered so that one might 
conclude that the higher the substratum sfe the easier bacterial adhesion will occur (Fig. 3). 
2) This formula suggests that bacteria with a low Yp, preferentially adhere to substrata 
with a low sfe, whereas bacteria with a high y,,, prefer high sfe substrata. 


A. Surface Free Energy and the Intra-Oral Biofilm Formation 


Glantz was the first to recognize in vivo the correlation between substratum surface free 
energy and its retaining capacity for supragingival flora.'* When he followed 
undisturbed supragingival biofilm formation on test surfaces of different free energies 
(mounted on a partial fixed bridge) he detected a “positive” correlation between 
substratum sfe and the weight of accumulated bacteria, measured at days 1, 3, and 7. In the 
dog, low sfe surfaces (like Teflon and Parafilm) were found to collect slightly less micro- 
organisms (within 2 h) than medium or high sfe surfaces such as dentine, enamel and glass.*° 
Rolla and co-workers*4 demonstrated that the application of a silicone oil to teeth, which 
lowered their surface free energy, resulted in a significant reduction in biofilm formation. 

Quirynen and co-workers??? studied the influence of the substratum surface free 
energy on undisturbed biofilm formation in man over a 9-d period. Polymer films with 
different sfe were glued to tooth crowns (Fig. 4) in the immediate vicinity of the gingival 
margins to mimic natural plaque formation. Hydrophobic surfaces (e.g., Teflon) harbored 
10 times less plaque than hydrophilic ones, with a retained adhesion strength. A micro- 
biological examination of 3-d-old biofilms indicated that Teflon was preferentially 
colonized by bacteria with a low surface free energy, whereas the opposite was observed 
for surfaces with a higher sfe.4+ Moreover, strains of Streptococcus sanguis I isolated 
from Teflon were found to be significantly more hydrophobic than those isolated from 
higher energy surfaces. This suggests bacterial selection by, or adaptation to, the surfaces 
up to and even within the species level. 
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The effect of substratum sfe on supra and subgingival biofilm maturation was 
investigated by comparing 3 mo-old plaque from implant abutments with either a high 
(titanium) or a low (Teflon) sfe. Low sfe substrata harbored a significantly less mature 
plaque supragingivally as well as subgingivally, characterized by a higher proportion of 
cocci and a lower proportion of motile organisms and spirochetes.”? 

This thermodynamic concept and thus of the influence of the substratum surface free 
energy for binding strength and facility of adhesion has a universal value such as for: 1) 
the adhesion of uropathogens to polymer materials;!’ 2) the colonization of vascular 
prostheses or prosthetic materials for abdominal wall reconstruction;*’ 3) the adhesion of 
catheter-associated bacteria;!® 4) the attachment of freshwater bacteria to solid surfaces;!! 
5) the adhesion of mussels and barnacles to solid substrata;? 6) the binding strength of 
green alga to several surfaces;!° 7) the attachment of insect residues to aircraft wings;°* 
and 8) the adhesion of Salmonella typhimurium to soil particles.*? 


V. INTERACTION BETWEEN SURFACE ROUGHNESS 
AND SURFACE FREE ENERGY 


The relative importance of both parameters (sfe and roughness) on supragingival biofilm 
formation has been examined in vivo by Quirynen and co-workers.” They followed 
undisturbed plaque formation on polymer strips with low and medium sfe on which one 
half was smooth (Ra = 0.1 um) and the other half roughened (Ra > 2.0 um). After 3 d of 
undisturbed plaque formation, significant intersubstrata differences were observed on the 
smooth regions, while the rough regions of the strips were nearly all completely covered 
with plaque (Fig. 4). Surface roughening resulted in a 4-fold increase in biofilm formation 
(extension as well as thickness) for both polymers. Surface roughness therefore seems an 
important factor in determining surface free energy for bacterial adhesion. 


VI. CONCLUSION 


Surface characteristics (roughness and to a lesser degree surface free energy) are 
responsible for the majority of the intra-oral biofilm variability. These observations are 
applicable to nearly all other environments with nonshedding hard surfaces in a 
bioliquid (e.g., implanted membranes, larynx or cardiovascular prostheses, submarine 
surfaces, pipelines, etc.). 
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I. INTRODUCTION 


The knowledge of laboratory safety, major equipment, and basic microbiological 
techniques are essential for conducting studies on bacterial adhesion. This chapter is 
written for beginners in the field of microbiology and for nonmicrobiologists who want to 
set up a laboratory for conducting bacterial adhesion studies. For a beginner, it is a good 
idea to visit a nearby microbiology laboratory either before or after reading this chapter. 
The reader should also refer to the biological or microbiological safety manuals available 
at most research institutions and facilities. 


II. SAFETY 


General laboratory safety principles should be applied when studying bacteria. One of 
the most important aspects is ensuring that all laboratory personnel have been adequately 
trained in the handling of potentially infectious materials as well as general laboratory 
safety procedures. The laboratory director is responsible for ensuring adequate training of 
personnel. 

Everyone working in the laboratory should wear a lab coat and gloves, both of which 
should be removed before leaving the work area. These may be supplemented by such 
items as shoe covers, boots, respirators, face shields and safety glasses as required. For 
the purposes of studying bacterial adhesion, most laboratories would fall into Biohazard 
Safety Level 1 as defined by the United States Department of Health and Human 
Services.*! Occupational Safety and Health (OSHA) regulations make it mandatory for 
an employer to provide a working environment free from recognized hazards that could 
cause injury, illness or death to an employee.!? 

All personnel should be aware that eating, drinking, smoking and applying makeup are 
hazardous in the laboratory setting. The laboratory should have a designated hand washing 
area and hands should be washed before leaving the work area, preferably with a 
germicidal soap. Mild germicidal soaps designed for frequent hand washing are available 
from laboratory suppliers. Frequent, thorough hand washing is one of the best ways of 
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preventing cross-infection in the laboratory. Additionally, all personnel should be aware 
that mouth pipetting is hazardous and they should not pipette any reagent or broth culture 
by mouth. 

Other safety precautions to be followed include keeping work areas clean by spraying 
countertops with a 10% household bleach solution after working is completed. 
Inoculating loops are sterilized by flaming immediately after use, being careful not to 
cause spattering of the inoculant. The use of an electric incinerator, into which the loop is 
inserted to be heated and sterilized, will greatly reduce the incidence of sputtering. 

An eyewash station and emergency “deluge” type shower should be installed in the 
laboratory to be used in case of chemical accidents. A fire extinguisher rated for use on 
both chemical and electrical fires should also be in close proximity to the laboratory, and 
all personnel made aware of its location and mode of operation. All safety equipment 
should be tested monthly to ensure its readiness for use if needed. 

If radioisotopes are to be used, laboratory personnel using them must undergo training 
in safe use of the particular isotopes and be familiar with procedures to be followed in the 
event of an accident involving the radioactive materials. In addition, laboratory personnel 
must practice safe disposal methods for any radioactive waste generated and follow the 
established procedures for their particular institution. 


HI. MAJOR EQUIPMENT 


A. Main Experimental Counter 
1. Centrifuge 


A centrifuge capable of exerting a force of up to 3000 g should be available. This force 
is necessary to deposit bacteria in a reasonable time. The centrifuge needs to be capable of 
handling multiple rotors, which may be needed for different types of tubes, plates, etc. 
For maximum microbiological safety, covered “safety cups” should be fitted to prevent 
spills. These safety cups may be as simple as using sealed centrifuge tubes or may consist 
of screw-capped buckets and sealed rotors. 


2. Stirrer/Hot Plate 


A stirrer/hotplate is invaluable in the laboratory for preparation of solutions such as 
media, buffers and tryptic soy broth. The heating mode will be necessary for the 
preparation of agar solutions or broth in laboratories not using commercial agar plates 
or broth. 


3. Vacuum/Suction 


Suction will be necessary to remove liquid media from plates or tubes. This can be 
provided by several methods including the use of a vacuum pump or the building’s vacuum 
system. A trap will need to be installed in the vacuum line to collect the liquids being 
aspirated. A simple, effective trap consists of a sidearm Erlenmeyer flask fitted with a 
rubber stopper with two holes, one for inflow of the aspirated liquid and the other for the 
outflow of air. Household bleach should be added to the fluids in the trap at a 
concentration of 1 to 5% to sterilize the aspirated fluids, which can then be disposed of 
safely. Care should be taken not to overfill the reservoir as this will result in contamina- 
tion of the suction system. 
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Figure 1. Images of an inoculating loop (A) and a “hockey stick” glass rod (B). 


4. Sonicator 


A sonicator or ultrasonic cleaner will be useful for critical cleaning of biomaterials. 
The item to be cleaned should be totally immersed in the cleaning solution and sonicated 
for 5 to 15 min. Care should be taken when cleaning contaminated items in an ultrasonic 
cleaner to ensure that aerosols are not created, thereby exposing laboratory personnel to 
potential pathogens. If there is any risk of this exposure, sonication should be performed 
in a biological safety cabinet. 

Sonication can also be used as a means of removing attached cells from biomaterials 
for further analysis such as calcium levels, etc. 


5. Inoculating Loops and Glass Spreaders 


Inoculating loops have traditionally been made of inert metal wire, either platinum or a 
nickel—chromium alloy. Both types are available in several different gauges and can be 
chosen according to the individual user’s preference. The wires can be cut to about 12 cm 
long, then twisted together forming a completely closed loop not more than 3 to 4 mm in 
diameter (Fig. 1A).’ The twisted wires can then be inserted into a holder. Metal holders 
are preferable for both durability and ease of cleaning. Presterilized disposable plastic 
loops are readily available. These do not require flaming before use, which eliminates the 
hazards of open flames, sputtering and cross-contamination. They are available with 
different size loops for different applications. 

Glass spreaders, or “hockey sticks”, can be made using a 3 to 4 mm diameter borosili- 
cate glass rod cut into 18 cm lengths and the ends smoothed by flaming. The rod can then 
be bent into an L shape by heating over a flame about 4 cm from one end (Fig. 1B). 


6. Burners 


In laboratories where wire loops are used a Bunsen burner may be used for flaming to 
sterilize immediately before use. The common type of ethanol glass burner is usually 
suitable. A burner may also be used to heat slides when performing acid-fast 
staining for the Gram stain. 


7. Racks and Baskets 


Racks and baskets will be needed for the transporting of items to be autoclaved and 
also for loading items into the autoclave. Metal racks may be used for most applications 
but polypropylene or polypropylene-coated racks are more suitable for test tubes as they 


106 Martin and An 





Figure 2. A rotator placed in a incubator for culturing bacteria in test tubes. 


reduce the chances of breakage. Autoclavable plastic boxes specifically designed for test 
tubes are ideal when dealing with cultures. These can be used for supporting the tubes at 
the correct angle when pouring media into tubes. 


B. Incubator and Other Major Equipment 


1. Multipurpose Incubator 


Most microorganisms require a constant temperature (for many bacteria, 37°C) for 
optimal growth and this may be achieved by the use of an incubator. Incubators are 
able in various sizes and should be chosen with the requirements of the individual 
laboratory in mind. The bacteriological incubator is a dry air environment and care must 
be taken to ensure all experiments are terminated before they dry out. However, 
supplemental moisture can be supplied by placing a beaker of water in the incubator. This 
addition ensures a moist environment slowing dehydration as well as preventing random 
experimental results. 


2. Rotator and Horizontal Shaker 


A shaker or combination shaker/waterbath is useful for mixing and shaking cultures. 
This should be fitted with racks to hold tubes, bottles and flasks securely. The shaker 
should also have a lid to prevent the dispersal of aerosols. A rotator can be used to keep 
nonadhesion dependent bacteria in suspension during culture (Fig. 2). Frequently, these 
items will need to be placed in the incubator, so size will be a consideration when 
purchasing this piece of equipment. The advantage of using this device includes 
transfering heat in a quick and uniform fashion and providing aeration through agitation 
of the vessel, thus, culture growth is considerably accelerated. 


3. Refrigerator and Freezer 

Refrigerated storage is required for culture media, some specimens and other reagents 
such as thermolabile solutions, serums, and antibiotics. The refrigerator temperature 
should be set at 0 to 4°C and checked regularly as the quality of media and reagents may 
be adversely affected by storing at temperatures other than those specified. Some reagents 
will require storage below 0°C. For laboratory purposes, a self-defrosting freezer should 
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Figure 3. Different biological hoods for microbiological experiments (from ref. with 
permission). 


be avoided as the temperature cycling which occurs during the defrost cycle can have 
adverse effects on stored chemicals. 


4. Biological Hood 


A biological containment hood is necessary when studying pathogenic organisms. The 
hood should be of a type where no air escapes into the surrounding air. Such hoods are 
designated Class I, Class II, or Class IN, depending on the level of safety needed when 
working with particular types of pathogens. This is achieved by different designs: 1) For 
a Class I cabinet, the operator sits at the front and can see what he is doing through a glass 
screen. An exhaust fan located at the top of the cabinet provides a constant inflow of room 
air directly into the working area, preventing the escape of any aerosols released from 
cultures. The air passes through a HEPA filtering system and is then released into the 
room. These hoods need have the airflow checked regularly and the filters replaced when 
the airflow falls below the level stipulated by the manufacturer. A disadvantage of this 
type of cabinet is that items in the cabinet are subject to contamination by organisms in 
the room air (Fig. 3).8 2) In a Class II cabinet, the operator is seated at front and views the 
work area through a glass screen. Room air is drawn in at the front of the hood and down 
into a series of HEPA filters before flowing over the work area which is “bathed” in the 
filtered air. The continuous airflow is then drawn back over another series of filters before 
being exhausted. There are several types of Class II hoods (A, B, C, D) which all have 
different airflow patterns (Fig. 3). Class ITA is the most commonly used.* 3) The Class III 
cabinet is an airtight, enclosed system which is equipped with protective gloves. The 
workspace inside the cabinet is supplied with HEPA filtered air and the exhaust air is 
passed through two HEPA filters in series before being discharged outside the building.® 
Furthermore, these hoods also possess ultraviolet light capability permitting sterilization 
between usages. All biological safety cabinets should be recertified annually. 


5. Peristaltic Pump 


A peristaltic pump may be needed for the setup of flow systems for producing bacterial 
biofilm or for studying bacterial adhesion or biofilm formation under flow condition 
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Figure 4. An image of a peristaltic pump. 


(Fig. 4). The pump may also be used when filter sterilizing large batches of liquid media 
and buffers. 


6. Autoclave 


An autoclave should be located in close proximity to the laboratory. The autoclave will 
be necessary for sterilization of glassware, pipettes, and other items before and after use 
to prevent cross-contamination of cultures. The autoclave also is a proven treatment 
method for rendering infectious material safe for disposal. Some buffers, such as 
phosphate buffered saline (PBS), may be sterilized by autoclaving. 


C. Radioactive Area 


If no extra space is available, a part of the main experimental counter and a sink can be 
designated for the use of radioactive materials. The area may be clearly designated by the 
use of specially marked tape. For certain protocols, radiolabeling methods are very 
useful, including 1) prelabeling bacterial cells with radiotracers such as '4C-leucine,”® 
'4C_slucose,?* 7H-thymidine,”> or 7H-palmitic acid,!? 2) bacterial adhesion process, and 
3) scintillation counting. It has been shown that the radiolabeling of bacteria is very 
useful for the study of bacterial adhesion to irregular material surfaces, such as surgical 
sutures, the inner-surface of catheters, or the surfaces of particles or spheres.7°7° These 
methods also have the advantage of being very sensitive and very accurate and allowing 
rapid processing of a large number of samples. The disadvantage of radiolabeling is the 
need for specially designated laboratory space, specialized techniques for safe handling 
of radioactive materials and the potential risk to researchers. 


D. Disposable Materials 


1. Glassware 


For bacteriological work, rimless test tubes are available in a variety of sizes. These 
may be stoppered with a plug of cotton or with a specially designed stainless steel closure 
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called the “Morton test tube closure.” Other alternatives include rubber or plastic 
caps.These, however, are heat sensitive and subject to damage by overheating. 
Disposable plastic caps that can be autoclaved are also available. 


2. Petri Dishes and Multi-Well Culture Plates 


Petri dishes and multi-well culture plates may be used for static bacterial adhesion and 
biofilm formation experiments. Disposable plastic items are usually more convenient and 
often more economical than reusable glass because of the amount of time needed to 
adequately clean and sterilize the glassware. The plastic dishes are presterilized and can 
be stored easily for long periods. Both Petri dishes and multi-well culture plates are avail- 
able in a range of sizes to suit the needs of the individual investigator. Petri dishes and 
multi-well culture plates are also useful for storage of biomaterial samples to be tested. 


3. Culture Media 


Bacteria will grow wherever conditions are suitable. The factors influencing their 
growth include availability of moisture, food and oxygen, as well as proper temperature 
and medium at correct (neutral) pH. The selection of an appropriate medium for the 
bacteria being studied will ensure that optimum growth is achieved. The most commonly 
used culture medium and agar are tryptic soy broth and trypticase soy agar, respectively. 
They are suitable for a wide range of bacteria. Agar is a convenient solidifying agent 
because of its properties: liquefying at 100°C and solidifying at 40°C. Most types of cul- 
ture media are commercially available in powdered form or ready to use in tubes or plates 
of varying sizes. 


4. Making Agar Plates and Tubes 


Commercially prepared tubes and plates with several types of media are readily 
available from major suppliers (e.g., Fisher Scientific, Pittsburgh, PA). Other premixed 
media and supplements are available and can be used in the preparation of tubes and Petri 
dishes to be used for culturing bacteria. To prepare media, the powdered ingredients are 
mixed with water and heated until melted, taking care not to overheat as this may cause 
degradation of the media through destruction of growth factors and changes in pH. The 
water used should be distilled or deionized, as impurities in potable water may have an 
inhibitory effect on the growth of bacteria. Another consideration is the type of container 
used in preparation of the media. Glass is suitable for most applications. Metals other than 
stainless steel should be avoided for heating media because trace amounts will dissolve in 
the media and have a bactericidal effect. To pour plates, raise the lid slightly and pour 
in 15 mL of media. Dry the plates slightly open in an incubator, and store them in an 
inverted position in a refrigerator. To prepare tubes, add the required amount of media 
and prop the tube at an angle on the bench top while the media sets. 


5. PBS and Liquid Media 


PBS is widely used in many laboratories for rinsing, diluting and preparation of stains. 
It is also used in flow systems. PBS is easily prepared in large quantities and may be 
sterilized by autoclaving (for small batches) or, more commonly, by filtration methods. 
PBS may be mixed using readily available chemicals, purchased ready to use or in a 
concentrated form or in convenient tablet form (Sigma, St. Louis, MO). Liquid culture 
media may be purchased in ready to use or concentrated form. Additionally, these media 
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are available in powdered form and may be mixed as needed, supplemented as required 
and filter sterilized or autoclaved as required. 


E. Waste Disposal 


In cases where radiolabeling techniques have been used, special measures must be 
taken to dispose of infectious waste. Mixed waste containing conjugated tritium, 
technetium-99, carbon-14, and other radionuclides has been autoclaved safely at some 
institutions, but this method requires approval by the radiation safety officer of the 
institution.’ Radioactive waste should be disposed of in accordance with the regulations 
of the institution in which the laboratory is located. Generally, solid and liquid wastes will 
need to be stored separately in approved containers and disposed according to regulations. 

All bacterially contaminated material should be disposed of as biohazardous waste in 
plastic bags clearly labeled “Biohazard” and sealed securely. The bagged contaminated 
waste should be autoclaved for one hour at 120°C and may then be disposed of as general 
waste or in the manner required by the institution. 

Toxic liquid waste should be collected in leakproof containers with secure closures and 
stored separately by type (solvents, acids, fixatives, etc.). The containers must be clearly 
labeled with the name of the chemical and its percentage as a part of the total waste 
volume. Large amounts should not be accumulated in the laboratory. 

“Sharps” encompasses used needles, broken glass, surgical blades and pipettes, all of 
which should be deposited in a container which is clearly labeled, puncture-resistant and 
leak-proof. Pipettes and broken glassware may be disposed of in a cardboard box lined 
with a plastic bag to contain any spills. Used needles and surgical blades can be placed in 
disposable buckets made from high-strength, temperature-resistant plastic. 


F. Equipment for Materials Science Procedures 


For experiments on bacterial adhesion to biomaterial surfaces, it is ideal to have the 
following items in the laboratory. A band saw may be used for cutting metal and plastic 
sheets to make samples. A diamond-wafering saw is desirable for cutting hard metals. A 
wheel polisher can be used to polish metal surfaces to obtain the desired finish. Nitrogen 
gas can be used for drying sample surfaces after washing with detergent and water. Stylus 
devices are used for measuring material surface roughness. Water contact angle devices 
are used for measuring material surface wettability. 


IV. EQUIPMENT FOR EVALUATING BACTERIAL ADHESION 
A. Light Microscopes 


Light microscopy is a fundamental method for both bacterial enumeration and 
observation. A standard laboratory microscope with x10, x25, x40, and x100 objectives 
is ideal for a bacterial adhesion laboratory. Light microscopy is used to observe bacteria 
directly“ or through a histologic section, as biofilm can be embedded in paraffin and cut 
into conventional histologic sections. The substratum surfaces have to be translucent to 
use light microscopy. Normally bacteria are stained with dyes such as Gram stain, crystal 
violet, or carbol fuchsin. Some special staining methods allow the observation of 
rial surface structures such as capsules or appendages. Light microscopy has been 
combined with bacterial flow chamber or slide culture to observe living attached bacterial 
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cells in real time.!! Slide culture is composed of a microscope slide, a drop of bacterial 
culture medium containing the bacteria to be studied and a cover slip.? A continuous-flow 
slide culture is also available. The advance of image analysis makes bacterial counting by 
light microscopy much faster and more efficient. This combination has been used to deter- 
mine the numbers of cells attached, area coverage, and biovolume of attached cells, as well 
as the much more complicated evaluation of bacterial adhesion and growth in real time.? 


B. Special Equipment for Evaluating Bacterial Adhesion 


1. Epifluorescent Microscope 


Epifluorescent microscopes are rather expensive equipment available in most core 
facilities or image analysis laboratories. For smooth and opaque surfaces, like metal, 
plastic, or ceramic, epifluorescence microscopy based on fluorescence stained samples 
may offer the most reliability.!* The main advantages of this technique include that: 1) it 
is very quick, reducing the time required to count a sample for visual counting by 85%,*» 
making it especially suitable for large sets of samples; 2) it can reduce the possibility of 
operator bias; and 3) it makes direct observation and enumeration possible for attached 
bacteria on opaque surfaces. It should be realized that image-analyzed epifluorescence 
microscopy ([AEM) only counts the bright spots brought by stained bacteria which could 
be individual or a cluster of bacteria. In such cases, adjustments should be used for 
reliable data.! 


2. Spectrophotometry 


Spectrophotometry is based on the quantitative relation between optical density 
(commonly from crystal violet or Congo red staining) and colony counts being derived 
from standard curves prepared for each bacterial species. Theoretically there should be 
two basic measuring techniques; 1) bacteria attached to the substratum are examined 
directly in multi-well culture plates after staining using a spectrophotometer; 13233 and 
2) bacteria are washed off the substratum, stained in solution, and the solution examined 
using a spectrophotometer. 


3. Coulter Counter 


Kubitschek first used the Coulter counter in 1958 for the purpose of counting and 
measuring the size of bacteria.!8 This method measures the resistance of a conducting 
solution as a particle passes through an aperture and was originally used for counting 
blood cells. The Coulter counter method has several advantages over optical methods 
including; 1) the volume of each particle is measured accurately; 2) in the presence of a 
background of small particles, the signal-to-noise ratio is greater when volume is 
measured than when a cross-section is measured; 3) the signal-to-noise ratio is further 
improved by the action of the aperture as a filter to exclude large unwanted particles; and 
4) the counter is simple to operate. Combined with the colony count method, particle 
counting is used to count the total number of bacteria while colony counting is used to 
determine the viable bacterial count.’ 


4. SEM and TEM 


Scanning and transmission electron microscopy (SEM and TEM) have proved invalu- 
able for examining the adhesion pattern of bacteria?” and the structure of biofilm.!>77 
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Figure 5. Basic principle of a CLSM system (Courtesy Bio-Rad, Hercules, CA). 


Careful planning is needed before the preparation of samples for microscopic observa- 
tion, since bacteria or bacterial biofilm are highly hydrated and thus readily deformed 
during preparation of specimens for electron microscopy or optical microscopes. For 
sample preparation for SEM or TEM, one can refer to the articles by Gristina and 
Costerton,!© Ladd and Costerton,2° and Diaz-Blanco et al.? 


5. Confocal Laser Scanning Microscopy 


Confocal laser scanning microscopy (CLSM) is a valuable newly developed method 
for morphological observation of adherent bacteria and biofilm.'+!>7!?? As shown in 
Figure 5, a laser light source provides excitation illlumination which is reflected by a 
dichroic reflector into an objective lens and brought to a focus in the sample. This focused 
point is scanned in a horizontal (XY) plane. Emitted fluorescent light is collected by the 
same lens, passes back through the dichroic reflector and on to the confocal aperture. 
Only light from the plane of focus passes through the aperture into the detector. Thus, out 
of focus light is rejected and an optical section is generated. 

It needs to be emphasized that CLSM has a bright future in the research of biofilm 
formation on surfaces. Because of its wide range of applications in biomedical research, it 
is becoming more and more available at many research facilities. Using CLSM, the 
structure of biofilm, such as the distribution of bacteria or the thickness of the biofilm, can 
be examined in situ and under the original hydrated conditions. Also as a feature of CLSM, 
samples can be sectioned optically to reveal the three-dimensional structure. Figure 6 
shows a recent model of CLSM made by Bio-Rad (Bio-Rad Laboratories, Hercules, CA). 


6. Atomic Force Microscopy 


Atomic force microscopy (AFM) is emerging as an important alternative to electron 
microscopy as a technique for analyzing submicron details on biological surfaces. 
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Figure 6. A recent model of CLSM system, Radiance Plus (Courtesy Bio-Rad, Hercules, CA). 


Microbiological specimens such as viruses, bacteriophages, and ordered bacterial 
surface layers and membranes have played an important role in the development of atomic 
force microscopy in cellular and molecular biology.!° With the development of atomic 
force microscopes, which allow imaging of similar native structures, AFM applications 
have widened to include straightforward surface structure analysis, such as polysaccha- 
rides,!’ analysis of surface elastic and inelastic properties, bonding force measurements 
between molecules, and micromanipulations of such individual molecules.” 

Razatos et al.° showed that AFM could be used to analyze the initial events in bacte- 
rial adhesion with unprecedented resolution. Interactions between the cantilever tip and 
confluent monolayers of isogenic strains of Escherichia coli mutants exhibiting subtle 
differences in cell surface composition were measured. It was shown that the adhesion 
force is affected by the length of core lipopolysaccharide molecules on the E. coli cell 
surface and by the production of the capsular polysaccharide, colanic acid. Furthermore, 
by modifying the atomic force microscope tip they developed a method for determining 
whether bacteria are attracted or repelled by virtually any biomaterial of interest. 

AFM has also been used for characterization of cell—biomaterial interaction at 
molecular level** and for evaluating surface characteristics of Gram-negative and Gram- 
positive bacteria.*? For the latter application, bacterial images can be obtained rather 
easily with an atomic-force microscope (AFM) in the magnification range of 5,000 to 
30,000 times without any pretreatment of the specimens for such observations as 
chemical fixation, dehydration or staining. The bacterial shapes or the presence of 
flagella can be clearly recognized in these magnification ranges.*” 


7. XPS, EDX, SIMS, ATR, and FT-IR 


All of these methods were originally designed for characterizing elemental 
compositions of material surfaces. Tyler*! reported three case studies which demonstrate 
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that X-ray photoelectron spectroscopy (XPS) and secondary-ion mass spectroscopy 
(SIMS) are valuable techniques for studying all three surfaces involving in the process of 
cell or bacterial adhesion, the material surface, the biopolymer conditioning film, and the 
cell surface. XPS and SIMS are not only capable of providing an accurate analysis of the 
synthetic polymer surface but they are also sensitive to the composition and orientation of 
biomolecules. The potential for rapid characterization of cell surfaces with SIMS 
suggests that the application of these techniques may ultimately aid in answering the 
elusive question of how cells adhere to synthetic surfaces. 

The collected information by XPS concerns only the outermost molecular layers, about 
1 to 3 nm in thickness. Both working by irradiation of a sample surface with an X-ray 
beam which induces the ejection of electrons from the surface, XPS can provide an aver- 
age elemental analysis of the whole surface, whereas EDX (energy-dispersive X-ray 
analysis) examines one particular point on the surface.44 EDX and scanning electron 
microscopy are complementary and the instruments constitute one apparatus, so SEM 
helps to define a area of interest for elemental analysis by EDX. It is known by using XPS 
that the elements associated with biofilm encrustation to ureteral stents are calcium, 
magnesium, and phosphorus.*® 

Another noninvasive technique for collecting information on bacterial adhesion at 
molecular level is attenuated total reflectance (ATR) waveguides integrated within flow 
cells coupled with Fourier transform infrared spectroscopy (FT-IR).” IR waves can only 
penetrate less than 1 um into bacterial biofilm. FT-IR has been used to characterize the 
biochemical contents of Lactobacillus biosurfactants, such as protein, polysaccharide, and 
phosphate.*? Recently, Suci et al.*° employed ATR/FT-IR to monitor bacterial 
colonization of a germanium substratum, transport of antibiotics to the biofilm- 
substratum interface, and interaction of biofilm components with the antibiotic in a 
flowing system. Using the same method, they also provided information on both transport 
of an antimicrobial agent to bacteria in the biofilm and interactions between antimicrobial 
agents and biofilm components.*’ 


V. BASIC MICROBIOLOGICAL TECHNIQUES 
A. Overnight Culture in Culture Tubes 


Overnight bacteria culture means that the inoculation of bacteria is done in the 
afternoon and cultured until the next morning (about 18 h). Briefly, one colony of bacteria 
taken from an agar plate using an inoculating loop is added to 5 mL Tryptic Soy Broth 
(TSB) media in a 15- or 20-mL test tube. The tube is then placed on a rotator in a 
multi-purpose incubator and cultured for 18 h. For most bacteria, the culture will be 
confluent in 18 h. 


B. Plating Cultures for Isolated Colonies 


For routine uses and also for stock cultures, making agar plates with isolated bacterial 
colonies is often necessary. The Petri dish lid should be held in a slanted position slightly 
above the plate to protect the agar surface. The sterilized inoculating loop is dipped into 
the bacterial solution and a pattern is traced on the surface of the nutrient agar. If the 
source of the bacteria is an existing agar plate, one bacterial colony should be taken using 
the loop for spreading (Fig. 7A). Care should be taken not to gouge the surface of the agar 
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Heavy growth 





Light growth 


Isolated colonies 


Figure 7. (A) shows plating in action using a inoculating loop; (B) shows the most common 
pattern of bacterial plating. 


during streaking. There are several patterns that may be used in order to generate isolated 
colonies. The most commonly used pattern is shown in Figure 7B. The culture should be 
allowed to grow for 24—48 h. Petri dishes are usually inverted during incubation as this 
prevents the drying of the agar layer and also prevents condensation dripping on the agar 
surface. 

If the source of bacteria is a suspension, a drop of the suspension (50-100 uL) can be 
pipetted onto the agar surface and then a “hockey stick” glass rod may be used for plating 
(Fig. 8A). A Petri dish turntable can be used for easier turning if the Petri dish (Fig. 8B). 
The usual method for sterilizing the glass rods is autoclaving. The number of glass rods 
needed for an experiment is based on the number of plates to be made. A quick way to 
sterilize a glass rod for immediate use is by placing the rod in 70% ethanol, 
flaming over a burner (or using an electric incinerator), and then placing it, flamed end 
up, in a clean container to cool down. 


C. Plating for Counting Bacterial Colony Forming Units 


When plating for counting bacterial colony forming units, the microorganisms must 
first be introduced to the medium and spread as evenly as possible across the entire 
surface. This can be done using an inoculating loop or a “hockey stick” glass rod. The 
inoculating loop is sterilized by holding in the flame of a Bunsen burner or electric 
incinerator until it is red hot, and allowed to cool before use. If used while still hot it will 
cause sputtering of the bacterial sample, resulting in contamination of the user and 
surrounding areas. The loop may be cooled quickly by inserting into the agar at the 
periphery of the plate for 1 to 2 s before the spreading. 

A colony forming unit (cfu) is a colony on a culture plate that is thought to have 
derived from a single bacterium (Fig. 9). For many bacteria, 24 to 48 h of incubation is 
enough to obtain countable colonies. For counting, plates are placed over an illuminated 
screen and examined with a magnifier. The plate cover is marked above each colony with 
a felt tip pen mounted on a hand-held digital counter. The colony count is obtained by 
dividing the average number of colonies per plate by the dilution factor used. This is the 
cfu/mL. Automatic colony counters are available for large work loads. 
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Figure 8. Plating with the “hockey stick” method. 


To obtain bacterial colony forming units (50-300 colonies per plate), serial 
dilutions are needed. An appropriate diluent needs to be selected, depending on the 
bacteria under study. The most commonly used diluents, PBS and distilled (or deionized) 
water, are toxic in some cases, so 0.1% peptone water is the diluent of choice.’ Start by 
preparing dilution blanks, pipetting 9 mL of diluent into sterile test tubes with screw caps. 
For bacteria in liquid suspensions, continue as follows. Mix the sample to ensure the 
bacteria are evenly distributed throughout, then remove a 1.0 mL sample and add to the 
first blank. Pipette up and down to mix, taking care not to create any bubbles. Remove 1 
mL from the tube containing the diluted sample and add this to the next blank tube. 
Continue until the required number of dilutions is completed (Table 1). 


D. Membrane Filter Counts 


This is another means of obtaining colony counts.’ In this procedure, a known volume 
of the solution containing the bacteria is passed through a cellulose—ester filter that retains 
the organisms. The filter is then carefully removed from the filtering apparatus and placed 
on filter paper, which has been prewetted with the culture media. The filter is incubated in 
a petri dish or shallow box, sandwiched between layers of absorbent pads. The filters are 
printed with a grid pattern to aid counting, which is usually done using low power 
magnification. If the colonies are difficult to visualize, the filter may be stained with 
0.01% methylene blue. The colonies will stain a darker blue than the filter. The colony 
count is expressed as membrane colony count per standard volume. 


E. Cultures for Stock Bacteria 


The serial subculture method described by Collins and Lyne’ is very useful for many 
laboratories doing bacterial adhesion studies. In this method, two tubes are inoculated and 
incubated until growth is established after which the cultures are stored refrigerated for 
1 to 2 mo. One culture (A) is reserved as the stock and the other (B) is used for any 
laboratory purpose (Fig. 9). Subculturing should be done as seldom as possible, in order 
to prevent the appearance and possible subsequent selection of mutant strains. 
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Figure 9. S. epidermidis colonies on an agar plate. 
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Figure 10. Illustration of subculture method. 


Table 1. Serial Dilutions of Bacterial Suspension to Obtain Bacterial Colony 
Forming Units Which Are Countable (50-300 Colonies per Plate) 


Tube no. 1 2 3 4 5 6 7 8 
Dilution 1:10 1:100 1:1000 1:10000 1:100000 1:1000000 1:10000 000 1:100 000 000 
Vol. of original 0.1 0. 01 0.001 0.0001 0.00001 0.000001 0.0000001 0.00000001 
fluid/mL (0) (10°) (10°3) (10+) (10°) (10°) (10°7) (10-8) 


Freezing at -20°C has been used as a means of storing a stock culture for a short 
period.” Thick suspensions of bacteria in skim milk or water are frozen in 0.5 mL aliquots 
in screw-topped containers. Cryopreservation, storage at ultralow temperature in 
liquid nitrogen, is used for long term storage of bacteria. The liquid suspension of 
bacteria is pelleted by centrifugation and resuspended in growth medium containing 2 to 
10% methanol or 5 to 15% dimethyl sulfoxide (DMSO). Glycerol may also be used as the 
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cryoprotectant. Freezing is undertaken in a series of steps, first cooling to 4°C, then to 
—70°C for 2 h, then into liquid nitrogen. 

Lyophilization (freeze-drying) is one of the most effective methods for long term 
preservation of bacterial cultures. It is particularly useful for long term maintenance of 
organisms with extremely precise growth requirements. A large number of bacterial 
species have been preserved with this technique and are still viable after several decades. 
Before freeze-drying, the bacteria are suspended in a mixture consisting of 1 part 
30% glucose in nutrient broth and 3 parts horse serum. The glucose acts as a cryo- 
protectant and prevents damage to the bacteria during both the freezing process and the 
subsequent thawing. The glucose—serum solution should be autoclaved before use, and 
the cells should be frozen in small quantities of 3 to 5 mL. 
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I. INTRODUCTION 


Bacterial adherence to biomaterial and tissue surfaces is an important step in the 
pathogenesis of prosthetic?”*4 and tissue! infection and the exact mechanism of 
prosthetic infection remains unclear. Before effective preventive or therapeutic methods 
can be achieved, the process, characteristics, or the mechanism of bacterial adhesion to 
biomaterials have to be studied. In this review, the experimental methods for bacterial 
adhesion to biomaterial surfaces are discussed. 

Many in vitro models for bacterial adhesion to biomaterials have been developed.”° 
They can be classified as the following: 1) Bacterial adherence onto commercially 
available flat surfaces such as plastic culture tubes,’ petri dishes,***+! or tissue culture 
plates; !°-!83? 2) Bacterial adherence to substrata placed into culture tubes,” petri dishes,>! 
tissue culture plates,**> or chemotaxis chamber;°! 3) Bacterial adhesion tested under flow 
conditions, such as a flow cell perfusion model,!® rotating disc apparatus,!* parallel 
plate flow chamber,** radial flow chamber,*!*?-7* or Robbins device.©7° The sample 
surfaces to be tested are often built as a part of the circulating or perfusion system, such as 
the inner wall of tubings or a sample piece fixed inside the flow system. 

When designing an in vitro model for bacterial adhesion study, the following factors 
should be taken into consideration, including 1) the selection of bacteria, 2) sample 
surface preparation, 3) bacterial adhesion experiments, and 4) the sample preparation for 
evaluation. The reviews by Fletcher,*? Dankert et al., and Christensen et al.?? are 
excellent references for additional information. 


Il. SELECTION OF MICROORGANISMS 


If the experimental question relates to bacterial adhesion to certain medical devices or 
implants, it is clearly important to select microorganisms representative of the clinical 
conditions. Common pathogens isolated from human prosthetic infections should be used 
for most of the infection models, such as Staphylococcus aureus, Staphylococcus 
epidermidis, Escherichia coli, Proteus, or some of the common anaerobics. They can be 
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Table 1. Bacterial Selection for Adhesion Study 


Devices 


Orthopedic implants 


Surgical implants, sutures 


Vascular prostheses 


on Common Medical Devices 


Species 


S. epidermidis 
S. aureus 


S. epidermidis 
S. aureus 

P. aeruginosa 
E. coli 


S. epidermidis 


Reference 


2,4,7,8,20,27,58,67,102 
3,8,27,67,102 


28,71,103 
6,23,28 
28,47,69 
23,28 


15,48,64,88,90,109,110 





S. aureus 9,64,105,109,110 
E. coli 109,110 

Bile stents E. coli 54,95,100,108 
Enterococci 54,95,108 
Klebsiella sp. 54 

Urinary catheters, stents E. coli 43,44,75 
P. aeruginosa 36,43,44,75,80,81 
Enterococci 36,44 
Klebsiella sp. 36,44 

Oral biomaterials Streptococci 17,30,34,53,55,87 
P. gingivalis 34,46,55,91,106 
Actinomyces 34,46,91,106 


obtained directly from clinical isolation, or ATCC (American Type Culture Collection, 
Rockville, MD) collections or other major collections or laboratories. In recent years, the 
commonly used bacteria for the studies of in vitro or in vivo prosthetic infection or related 
bacterial adhesion to biomaterial surfaces include rich slime producer S. epidermidis 
RP62A (ATCC-35984),?!°%°8 poor slime producer RP12 (ATCC 35983), nonslime 
producer S. epidermidis RP62NA,?!°° and fimbriae producers as E. coli (ATCC- 
25922),!9.2° Pseudomonas aeruginosa,!!!” and Candida parapsilosis'* which are also 
slime producers. 

Based on the specific purpose of the project, bacteria need to be selected carefully in 
order to achieve optimum results (Table 1). Cultures of microorganisms may be 
obtained from the sources listed in Table 2. One should keep in mind that 1) significant 
surface change can occur with natural isolates upon culture in the laboratory; 2) the 
production of cell surface polymers can be influenced considerably by growth conditions; 
3) centrifugation and washing may remove bacterial capsule or slime; and 4) adhesion of 
a given bacteria can be influenced by the presence of other species.*° 


I. SAMPLE SURFACE PREPARATION 


Generally, materials can be divided into two main classes.“ They are 1) high-surface 
energy materials, which are also hydrophilic, frequently negatively charged, and usually 
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Table 2. Common Sources of Microorganisms 


Source and address Collections Contact numbers 


ATCC (American Type Culture Collection), 60,000 www.atcc.org 
10801 University Blvd., Manassas, VA 20110, USA yu-organisms & cells Tel: 01 703 365 2700 


Summit Pharmaceutical (an ATCC distributor) N/A Tel: 81 (03) 3294 1619 
2-9 Kanda Nishiki-cho, Tokyo, 101-0054 Japan Fax: 81 (03) 3294 1645 
BCCM™ (Belgian Coordinated Collections of 50,000 www.belspo.be/becm 
Microorganisms), Laboratorium voor Microbiologie -organisms Tel: 32 9 264 5108 
Universiteit Gent (RUG), K. L. Ledeganckstraat 35 Fax: 32 9 264 5346 
B-9000 Gent, Belgium 

Culture Collection, University of Göteborg 40,000 www.ccug.gu.se 
Guldhedsgatan 10, S-413 46 Goteborg, Sweden u-organisms Tel: 46 31 342 4625 
VKM (All-Russian Collection of Microorganisms) 20,000 www.ykm.ru 

142292 Pushchino, Moscow Region, Russia u-organisms Tel: 7 (0)95 925 7448 
DSMZ (German Collection of Microorganisms 11,000 www.dsmz.de 

& Cell Culture), Mascheroder Weg 1 b u-organisms Tel: 49 (0)531 26 16 319 
D - 38124 Braunschweig - Germany Fax: 49 (0)531 26 16 444 
JCM (Japan Collection of Microorganisms) 6000 www.jcm.riken.go.jp 
RIKEN (The Institute of Physical and Chemical u-organisms No phone orders 
Research), Wako, Saitama 351-0198, Japan Fax: 81 48 462 4617 
NCTC (National Collection of Type Cultures) 5000 u-organisms Tel: 44 0181 200 4400 
Central Public Health Lab., 61 Colindale Ave., Medical & veterinary Fax: 44 0181 200 7874 
London NW9 5HT 

NCIMB (National Collection of Industrial & 3800 Tel: 44 01224 273332 
Marine Bacteria), 23 St Machar Drive, Bacteria Fax: 44 01224 487658 
Aberdeen, AB2 IRY, Scotland 

Czechoslovak Collection of Microorganisms 2000 Tel: (425) 23407 
Masaryk University u-organisms Fax: (425) 755247 
Tvrdeho 14, 602 00 Brno, Czech Republic 

MSDN (Microbial Strain Data Network) N/A panizzi.shef.ac.uk/msdn 
MINC (Microbial Information Network of China) N/A m.ac.cn www.im.ac.cn 


inorganic materials such as metals, or minerals, and 2) low-energy surfaces, which are 
relatively hydrophobic, low in electrostatic charge, and are generally organic polymers 
such as plastics. Because of the complicated physicochemical characteristics of material 
surfaces and also those of bacteria, microorganisms will adhere to different material 
surfaces differentially. Selection of material surfaces should be dependent on 1) the 
purpose of the study, 2) the existing knowledge of certain material surfaces, and 3) the 
availability of required material surfaces. 
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Material surfaces can be simply commercially available flat surfaces such as the 
surface of a coverslip, the inner wall of a plastic culture tube,’ catheters,!°’ stents,!°8 
the bottom of a petri dish,*! or tissue culture plates.!*3* The advantages of using these 
surfaces for studies of bacterial adhesion include 1) most of these surfaces are optically 
clear, smooth, and uniform; 2) attached bacterial layers are easily attained;®*-*° 
3) standardized manufacturing practices and widespread availability allow for ready 
comparison of results from different laboratories; and 4) they are economical. 

Sample surfaces can also be made according to the requirements of a specific study. 
The common method is cutting the stock material sheets or rods into pieces (square sheets 
or circular discs) of certain size. The cut sample surfaces can also be modified by using 
different surface treatments, such as sandpaper grinding, sandblasting, macromolecule or 
surfactant coating. Chemical treatments can make samples with different surface 
chemistry such as the four types of glass surfaces reported by Satou et al.8° Another 
possible way to get a material surface for bacterial adhesion study is the available 
prostheses or implant devices. They can be used as manufactured or after certain 
modifications. 

Any homemade sample surfaces or readily available surface which is thought to be 
dirty should be cleaned and/or chemically treated before use. Plastic or polymer samples 
are usually cleaned using detergent and distilled water to remove debris and grease. These 
materials have low energy surfaces and do not adsorb contaminants as readily as high 
energy surfaces. Metal samples are normally cleaned by detergent and water followed by 
specific types of chemical treatment, such as the passivation method. Sometimes an 
appropriate sterilization, i.e., radio frequency glow discharge (RFGD),5696 is needed. 

It has been noted that certain studies ignored the necessary surface characterization, 
which made comparison of results impossible. It is strongly recommended that basic 
surface characterization, such as surface roughness, physical configuration, 
hydrophobicity, or even chemical composition at certain levels, should be performed. 


VI. POSITIONING OF THE SURFACE 


One of the major concerns of positioning a sample surface in bacteria suspension is 
whether or not the surfaces to be studied are in a consistent contact with the suspension. 
Flow of the suspension is very important, as it influences the flux of bacteria and physical 
forces brought to the material surfaces, and it should be also consistent to every surface of 
the sample. Whether the surface is vertical or horizontal is also important because 
sedimentation plays a part when a horizontal surface is used. To our knowledge, there are 
two ways of placing a sample surface in bacterial suspension: 

1) Static or random-flow systems: flat sample discs or plates can be placed in a petri 
dishes,>! or culture plate wells, horizontally or vertically.4*> Samples can be immersed in 
solution, suspended, hanging on stainless steel wires’? or using an O-ring method.”%!0! 
Incubation of the samples within bacterial suspension can be static or agitated randomly. 

2) Flow systems, such as the flow cell perfusion model,!°8 rotating disc,8+®° laminar 
flow system,>”7® and radial flow chamber.*!-4? All of these systems provide an oriented 
fluid (containing bacteria) flow which brings bacteria to the material surfaces to be tested. 
The latter are often built as a part of the circulating or perfusion system, with the inner 
wall of tubing or a sample piece fixed inside the flow system. The major advantages of 
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flow systems are: (1) controlled shear and mass transport, (2) a high data density in time, 
and (3) no air—liquid interface passages over the adhering bacteria.!® Real-time 
observation is possible for certain designs.!°’ It is a true noninvasive method for 
observing biofilm formation. This technique requires a flow chamber dimension small 
enough to fit on a microscopic stage or a special stage to be made and transparent for 
focusing and viewing. 


V. RINSING AND DRYING PROCEDURE 


Rinsing is a very important part of a bacterial adhesion study.4°”” The purpose of 
rinsing is to remove the unattached and loosely attached bacteria from the substrata 
surface. Based on specific purpose and experimental design (such as design of adhesion 
devices and samples), rinsing and drying procedures can be very different. Therefore, 
standardization of a washing and drying protocol in a given laboratory is required. 

Attention should be paid to the force, direction, and content of the rinsing fluid. 
The rinsing stream should be directed to the walls of a incubation bath or a container. 
A gentle rinsing can be achieved simply by changing fluid in the incubation bath, which 
has no strong jets of washing on the substrata surfaces. 

Liquids commonly used for rinsing include sterile water, normal saline, and phosphate- 
buffered saline. One shortcoming of using these liquids is the effect of a moving air—liquid 
interface.!®77 A moving air—liquid interface on a substrate surface has a strong shearing 
force which can detach adhered bacteria and move them elsewhere, leading to unevenly 
distributed bacteria on the surface. This is more obvious on hydrophobic surfaces. This 
effect changes the actual adhesion pattern and makes the surface uncountable. An 
effective method has been published recently to avoid this air—liquid interface effect by 
using ethanol as the final rinsing liquid since it evaporates much faster than water.’ 
The substrate surface should remain immersed in liquid during the rinsing. If possible, 
the staining procedure can also be carried out before the sample is taken out of the 
liquid for drying. After rinsing, samples can be air dried or with the aid of a gentle flow 
of nitrogen air. 


VI. STAINING 


To visualize adherent bacteria or biofilm, light, fluorescent, and confocal laser 
scanning microscopy (CLSM) are often utilized. To use these methods, the substrate must 
be flat or have flat portions on the surfaces. Scanning electron microscopy (SEM) has the 
advantage of being able to observe bacterial adhesion on rough or irregular surfaces. 


A. Stains for Light Microscopy 


The Gram stain is possibly the most widely used stain in bacterial studies, and is used 
as a first step in identifying bacteria. The Gram stain distinguishes between Gram-positive 
and Gram-negative bacteria. Gram-positive bacteria retain the crystal (gentian) violet 
stain and after decolorizing in alcohol will appear blue or purple. Gram-negative bacteria 
appear red as the crystal violet is decolorized by alcohol, allowing counterstaining with 
red safranin. Commercially available Gram stain kits should contain everything needed to 
perform the stain. The Gram stain is performed on a smear which is heat-fixed to a slide. 
The staining protocol is as follows: the crystal violet stain is applied to the smear for 1 to 
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Table 3. Common Bacterial Staining Protocols 


Bacteria fixation 


Stains Solution Concentration and staining procedure Ref. no. 
AO PBS, water 0.005-0.5 w/v 2-3 min 40,41,74 
CTC PBS, culture media 5 mmol/L No fixation, stain in incubation 3,67 
DAPI Water 10 uM 1.86% formaldehyde Gi 
Hoechst 33258 PBS, water 10 pg/mL No fixation, stain in incubation 67,74 
Hoechst 33258 PBS, water 10 pg/mL 1.86% formaldehyde ut 

PI PBS, water 0.05 mg/mL 75% ethanol, stained after incubation 367 


2 min, after which time all cells are stained purple. Excess stain is rinsed off with water, 
then the slide is rinsed with iodine solution and incubated 1 to 2 min with fresh iodine 
solution. The iodine solution fixes the crystal violet stain by forming a dye—iodine 
complex and reducing the solubility of the stain. The slide is rinsed again with water and 
an acid—alcohol solution is applied to decolorize. Decolorization takes 5 to 10 s. At the 
end of this step, Gram-positive bacteria will be purple, while Gram-negative bacteria will 
be colorless. The slide is then counterstained with safranin O for one minute, which 
results in a pink or reddish stain in the Gram-negative bacteria. 

Other popular staining methods for light microscopy include methylene blue stain and 
fuchsin stain.” For methylene blue staining, the sample or sample slide is stained for 
1 min in a 0.5% aqueous solution of methylene blue. For fuchsin staining, the samples are 
stained 30 s with the following solution: Dissolve 1.0 g basic fuchsin in 100 mL 90% etha- 
nol, stand for 24 h, filter, and add 900 mL distilled water.?4 


B. Fluorescence Staining 


Propidium iodide (PI) is the most popular fluorescence dye used for DNA staining and 
DNA content analysis with the aid of flow cytometry.*»? PI intercalates with DNA and 
RNA and this binding markedly enhances the fluorescence of the dye (excitation at 536 
nm and emission at 617 nm). Athough the most popular fluorescence dye for bacteria 
staining to be observed by fluorescence microscopy is acridine orange (AO),404!-7¢ in our 
laboratory the contrast of the acridine orange stained field was not as significant as that of 
PI. Itis known that AO tends to stain the substrate surfaces, which can obscure the images 
of adherent bacteria. Also, acridine orange staining needs a rinsing procedure to remove 
the unbound part in order to reduce the brightness of the background. This may loosen or 
wash off more bacteria. By comparison, PI has the advantages of significant field contrast 
and no need for rinsing. 

The fluorescent redox dye, 5-cyano-2,3-ditolyl tetrazolium chloride (CTC), has been 
used as an indicator of electron transport activity in Ehrlich ascites tumor cells’? and for 
the direct visualization of respiring bacteria in environmental water samples.’* When 
oxidized, CTC is colorless and does not fluoresce, but when reduced by electron transport 
activity the dye forms fluorescent CTC-formazan. CTC has been tested in the authors’ 
laboratory for quantifying actively respiring bacteria, S. aureus and S. epidermidis, that 
adhere to comercially pure titanium surfaces coated with cross-linked albumin.°’ 
The adherent bacteria appeared bright red against a dark red background (excitation 
at 420 nm).8? 
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Other popular DNA stains include Hoechst 33258, Hoechst 33342 (excitation at 
345 nm and emission at 460 nm), and DAPI (4'6-diamidino-2-phenylindole) (excitation 
at 359 nm and emission at 461 nm).404° In this laboratory, similar results have been 
obtained with these fluorescence stains. Based on the method of evaluation, many 
different staining protocols are available which are summarized in Table 3. 


C. Preparation for SEM 


SEM is frequently used to observe the patterns of bacterial adhesion on material 
surfaces. One advantage of SEM is that it can be used to visualize rough or irregular 
surfaces. It can be used to count the number of attached bacteria? and also for evaluating 
the distribution of the bacteria. It can be applied to a wide range of material surfaces, 
such as metals, plastics, minerals, plants or tissues. Routinely, the samples are fixed in 
2 to 3% buffered glutaraldhyde (cacodylate buffer, 0.067 M, pH 6.2), dehydrated in a 
graded series of acetone or ethanol, further treated in a critical point dryer and coated with 
gold in a sputter coater. If the substrate is a plastic or polymer, acetone should not be used 
for dehydration to prevent potential dissolution of the material in acetone solution. 


VII. REMOVING BACTERIA FROM SUBSTRATA SURFACES 


Sometimes, the adherent bacteria need to be removed from the sample surfaces to 
facilitate enumeration, especially for rough or irregular surfaces. Methods for removing 
bacteria from substrate surfaces include homogenization, sonication, vortexing, and the 
use of surfactants (such as Tween 80, Triton X-100, or sodium periodate).® Most the 
studies of the effects of methodology on the enumeration of sedimentary bacteria agree 
that either sonication or homogenization gives maximum yield. Scraping can be used to 
remove large amounts of biofilm on biomaterial surfaces. Vortexing is especially useful 
for breaking down large pieces of biofilm. According to the comparative study by 
McDaniel and Capone,® sonication appears to be an efficient and safe way to remove 
bacteria from biomaterial surfaces.!*”? It is less harmful to the organisms than chemical 
elution,” and has less potential for harm to the investigators than scraping the 
biomaterial. Sonication of explanted vascular prosthetic graft material can disrupt surface 
biofilms and increase the recovery of adherent microorganisms.?*-”? 

After removal from sample surfaces, the number of bacteria can be counted using the 
standard plate count method. There is virtually always incomplete removal of the 
adherent bacteria and incomplete disruption of bacterial aggregates in the suspension, so 
numbers will be underestimated by this method.*” 
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I. INTRODUCTION 


Microbial biofilms develop when bacteria adhere to a substratum and grow inside a 
secreted extracellular matrix. They can be defined as “matrix-embedded microbial 
populations adherent to each other and/or to surfaces of interfaces”.*! This is the growth 
mode for most bacteria. Biofilms are important in human health and disease; for example, 
the body’s normal flora resists pathogen invasion but can itself turn pathogenic. Biofilm 
infections are a major problem, especially of prosthetic devices, as 1 to 3% of all 
orthopedic implant patients experience severe infection following surgery as the 
probable result of biofilm formation.” Biofilm formation within a tube can increase 
frictional resistance over 200%.” Antibacterial agents, antibiotics, phagocytic white blood 
cells, and other biocides are much less effective against the bacteria within a biofilm than 
against planktonic bacteria.>? 

The protection a biofilm provides to bacteria is a persistent problem in many industrial 
processes as well as in medicine. A biofilm layer within pipes not only causes increased 
friction leading to slower flow, but increased heat transfer resistance, corrosion, and can 
act as an antimicrobial-resistant nidus of re-infection. Biofilm fouling of the hulls of boats 
and in hydroelectric turbines results in increased frictional resistance and markedly 
decreased efficiency.*? However, biofilms can be beneficial industrially through such 
processes as water quality improvement by pollutant removal, sewage treatment and 
manufacturing processes in biotechnology. 

For these reasons it is important to explain, predict, modify or counter biofilm 
development and behavior. Studies in situ or in vivo are often impracticable. Laboratory 
culture and modeling is then needed. A major advantage of in vitro over in vivo biofilm 
studies is the degree of control over the microbes, environment, nutrient supply, and 
substrata, and increased options for experimental protocols, sampling and analysis. In this 
review we will analyze issues involved in modeling different types of biofilms and focus 
on appropriate in vitro methods for their cultivation and analysis. While we will 
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Figure 1. Major features of biofilms. Figure 2. Types of biofilm structure. 


emphasize a range of systems which are appropriate to biofilms impacting on human 
health from among the vast range of experimental systems available, these systems and 
the issues involved are generic and widely applicable. Some major references on the 
topics include the reviews by McFeters et al.,!°° Characklis,?* Ladd and Costerton,’° 
An et al.,? Gilbert and Allison,>° and Sissons.!?! 


II. BIOFILMS 


A. Types of Biofilms 

Bacterial biofilms have a set of common structural features (Fig. 1). These include a 
substratum, usually solid, but which may be a liquid-liquid or gas-liquid interface, or it 
may be other bacteria. A “conditioning” film of molecules from the fluid environment is 
adsorbed onto the substratum. The microbes in their extracellular macromolecule matrix 
adhere to the conditioning film. The opposite exterior surface of the biofilm, usually a 
defined extracellular matrix boundary, forms a surface—liquid interface with a 
semi-viscous laminar-flow 10 to 100 um liquid boundary layer. This liquid boundary 
layer merges through a transition region into a mobile, usually turbulent, fluid phase.”> 
The liquid phase interacts with a gas phase, possibly at some distance from the biofilm in 
such structures as tubes and pipes. In modeling natural biofilms using laboratory culture 
systems, appropriate decisions need to be made regarding all these features. 

A range of concepts is encompassed by the term biofilm, different biofilm systems 
having different structures (Fig. 2). They range from the patchy microcolony formation 
and subsequent coalescence characteristic of monocultures in a low nutrient environment, 
to open spongy structures of microcolonies and communities with pores and channels,”-!48 
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Figure 3. Biodiversity class of biofilm. 


to dense biofilms of highly packed bacteria such as those seen in mature dental plaque by 
electron microscopy.!!!!5° There are three major general influences on biofilm structure: 
fluid hydrodynamics, nutrient concentration and biodiversity of the microbiota. 

Fluid hydrodynamic and associated shear forces deform the biofilm and provide a 
desorptive mechanism countering adhesive forces. These shear forces may be modified 
by substrata shape to give sheltered sites or by moving surfaces impacting on the biofilm. 
The particular fluid hydrodynamics involved is a key variable in deciding on an 
appropriate culture system and we will classify biofilm culture technologies on this basis. 
The second strong influence is the nutrient concentration in the fluid environment, 
ranging from 0.1 mg/L in some aquatic environments to 10° mg/L in body fluids. 

Computer modeling using cellular automaton models suggests that open biofilm 
structures tend to form in low nutrient environments, and more densely-packed structures 
at high nutrient concentrations.!® The nutrient composition, concentration and 
application regime need to be set with regard to the natural system being modeled. The 
third major factor is the species diversity of the biofilm. 


B. Biofilm Biodiversity: Classification and Implications 


The nature of questions needing investigation and, therefore, the appropriate 
technologies, differ according to the biodiversity of the biofilm. Biofilms can be regarded 
as falling into five overlapping classes on the basis of their biodiversity (Fig. 3). 

Class I biofilms are single species. Class II are those with a few species. Examples 
include infection of long-term prostheses by pathogens, transdermal devices by 
staphylococci, and urinary tract and bladder catheter infections by one of a range of gram 
negative species (see Chapter 1). These are the biofilm equivalent of single pathogen 
infections investigated using Koch’s criteria which says a pathogen is always present in 
clinical disease, can be isolated, purified and causes the disease by transmission. Biofilms 
contaminating industrial processes are mainly Class I and II. The properties of the 
individual strains of bacteria present, i.e., rate of extracellular polymer production, is an 
important influence on these biofilms. Investigation of questions regarding individual 
bacteria from more complex biofilms is also usually carried out using similar techniques. 
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Class III biofilms consist of communities comprising a small number of species, perhaps 
up to 30. They are found, for example, as metabolic consortia formed in situations where a 
major substrate predominates in the environment. Examples include the xenochemical 
bioremediation consortia studied by Caldwell and colleagues”? that emerge as a specialized 
subset of a more complex and biodiverse environmental ecosystem. Useful laboratory 
systems which are constructed to model more biodiverse biofilms also fall into this category, 
such as the 10-species plaque-reconstruction consortia developed by Marsh et al. 1099-131 

Class IV and V biofilms are heterogeneous, high biodiversity microbial biofilms 
ecosystems constantly evolving in response to the environment yet showing considerable 
resistance to perturbation. For humans, the normal body microbiota is an example, 
especially in the mouth and other regions of the alimentary tract. Dental plaque has at 
least 500 known cultivable taxa at species level! and perhaps an equal number yet to be 
cultivated. !4°!©° The colon has a similar biodiversity.8> Questions of pathogenicity relate 
more to shifts in the composition of the biofilm microbiota to increase the proportion of 
existing “normal” bacteria with pathogenic properties than to acquisition of particularly 
virulent strains within species, although the balance between these options is unknown 
and they are not mutually exclusive. Koch’s criteria are basically inapplicable.!”4! The 
species diversity by DNA renaturation analysis of Class V biofilms, e.g., those from soil 
ecosystems, is probably several thousand.!*+!>> This high level of biodiversity may insure 
against changes in the environment and enhance ecosystem resistance to adversity.!*+ 
There may be no clear distinction between Class IV and V high biodiversity biofilms, 
with basic differences relating more to their particular environments. 

A fundamental feature of high biodiversity biofilms is that their properties cannot be 
predicted from studying their individual bacteria in isolation as they are essentially complex 
communities of highly-interacting organisms and their properties are emergent from these 
myriad interactions in response to the biofilm environment (nutrients, fluid hydrodynamics, 
pH, pO», pCO,, etc.) and formation of intraplaque gradients. These interactions include spe- 
cific interbacterial adhesion relationships, nutrient cross-feeding, complementary 
macromolecule breakdown and defense against antibacterial factors, competition for 
nutrients and space, and direct antagonisms by metabolites, enzymes, and bacteriocins. Such 
biodiverse biofilms perhaps might best be regarded as equivalent to multicellular organisms. 
Culture, analytical and conceptual approaches differ from those of simpler biofilms. High 
biodiversity biofilms can reach thicknesses of several millimeters or more whereas 
monocultures rarely exceed 50 um,” a major technical consideration. 


I. EXAMPLES OF LOW AND HIGH BIODIVERSITY BIOFILMS 
RELEVANT TO HUMAN HEALTH 


We will focus on culture systems appropriate to Class I biofilms, where Staphylococcus 
epidermidis infection of intravascular prosthetic devices and catheters is a typical example, 
and Class IV biofilms, with dental plaque as an typical example. Between them, these two 
cover the range of issues relevant to most biofilm systems. First we will describe 
distinguishing characteristics of both systems. 


A. S. epidermidis Biofilms on Prostheses: A Low Biodiversity Class I Biofilm 


The nature and importance of prosthesis infection is described in Chapter 1. There are 
basically three environmental fluids involved: 1) those exposed to the cardiovascular 
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system which have a fluid phase of pulsating blood and an infection risk from bacteremia, 
2) urinary catheters exposed to urine and urinary pathogens, with periodic flushing, and 
3) joint prostheses exposed to extracellular fluids but possibly subject to considerable 
mechanical disturbance. 

Intravascular biofilms of slime-producing S. epidermidis or other coagulase-negative 
staphylococci (CNS) are formed when the bacteria adhere to a catheter surface. 
Following attachment, bacteria continue to produce slime, composed usually of 
polysaccharides and other extracellular material. As more and more bacteria adhere and 
grow, a biofilm is formed. They form a working community; the bacteria on the surface of 
the biofilm help capture organic and inorganic molecules from the bulk liquid. and the 
bacteria within the biofilm work together to promote removal of waste and toxins from 
the biofilm.?*!?! 

Capsules and slime are both subclasses of extracellular polymeric substances, usually 
polysaccharides. The polysaccharide coat of slime produced by CNS is a loose hydrogel 
associated through ionic interactions. These exopolysaccharides are composed of neutral 
monosaccharides including D-glucose, D-galactose, D-mannose, L-fucose and 
L-rhamnose; amino sugars; polyols; and uronic acid.°’ Strains not producing slime are 
less adherent and less pathogenic.”*934’? CNS strains that are completely slime negative 
are hard to find. Bacteria washed to remove slime have a similar adhesion to 
poly(tetrafluorethylene-co-hexafluorpropylene) as nonwashed bacteria*’ and hence slime 
is not thought to be involved in the primary adhesion of the bacteria to a material surface, 
but to be important for intercell connection during surface colonization.®-© The current 
concept is that production of slime is especially important for events which include 
colonization of various surfaces, protection against phagocytosis, interference with 
cellular immune responses, and reduction of antibiotic effects. CNS which do not quickly 
adhere to the surfaces are rapidly killed by the immune system. Slime-forming CNS are 
less susceptible to antibiotics after adhering to biomaterials than bacteria grown in 
planktonic culture.!° Such antibiotic resistance may be partly due to the slow growth rate 
of CNS in biofilms or to the limited transport of nutrients, metabolites and oxygen to and 
from the biofilm surface. Biofilms also protect bacteria by sequestering them from host 
defense systems including inhibition of polymorphonuclear chemotaxis, phagocytosis and 
oxidative metabolism; depression of immunoglobulin synthesis; mononuclear lympho- 
proliferative response; killer cell cytotoxicity; and antibiotic action. Chronic infection 
occurs when a critical inoculum size is reached which overcomes the local host defenses. 


B. Dental Plaque: A High Biodiversity Class IV Biofilm 


Dental plaque is a highly biodiverse Class IV microbial biofilm on teeth, different sites 
having a maximum thickness from about 50 um to 5 mm.!?! Teeth are essentially immortal 
nonshedding surfaces which penetrate the oral epithelium, hence plaque is constantly 
threatening invasion of the body. Subgingival, smooth-surface, fissure, and approximal 
plaques are recognised as distinct” but in fact plaque is essentially microheterogeneous. 
It contains hundreds of species of bacteria in spatially and temporally organized 
interspecies structures and microcolonies. Its composition changes over time!** yet it 
demonstrates considerable homeostasis and varies widely between intraoral sites and 
people.?! A major growth mode may be clonal stochastic blooms limited by intra-biofilm 
interactions with the rest of the microbiota, nutrient supply, and host immunological and 
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Table 1. Typical Objectives of Biofilm Studies 


All biofilms 


To understand, control or prevent biofilm development. 

To establish biofilm substructure. 

To measure/lower biofilm viability. 

To measure biofilm metabolism quantitatively. 

To modify biofilm properties. 

To model adverse biofilm properties, e.g., pathogenicity, corrosiveness. 
To understand the interelationships between biofilm and planktonic cells. 
To understand and enhance colonization resistance 

To remove biofilm. 

To understand and reduce resistance to antimicrobials. 

To examine substrata/conditioning film effects on biofilm formation. 
To examine effects of the biofilm on the substrata. 

To establish the significance of the biofilm as a source of infection. 


Mainly specific to Monoculture/Group I biofilms 


To establish adhesion mechanisms to substrata and other species of bacteria and then interfere with them. 
To establish biofilm-specific physiology. 

To establish physiological changes during biofilm maturation. 

To establish the composition and role of the extracellular matrix. 

To prevent biofilm formation and growth and facilitate biofilm removal. 

To identify and manipulate biofilm virulence factors in pathogenicity. 

To examine the response to superinfection. 

To establish mechanisms of strain/mutant variation in important properties. 

To understand and prevent adaptation of cells to increased antimicrobial resistance. 


Mainly specific to High Biodiversity Groups III/IV biofilms 


To examine microbiota composition and succession during biofilm development. 

To delineate community relationships. 

To measure overall emergent properties, e.g., growth rates, pH behavior, calcification, pathogenicity. 

To identify and quantify mechanisms underlying emergent properties. 

To establish shifts in biofilm composition and behavior and the nature of any homeostasis in response to 
changes in the environment and perturbation. 

To understand how biofilm composition, properties and behavior can be modified by environmental controls. 

To establish the nature and causes of composition shifts in, e.g., disease states. 

To investigate and prevent selection by antimicrobials of resistant organisms. 

To establish the degree of relationship between different biofilms. 


chemical defenses. Its thickness is also limited by removal through abrasion, oral hygiene 
procedures and, probably only to a very small extent, by fluid shear.!*! Plaque 
development, behaviour and pathogenicity is the outcome of a vast number of specific 
adherence,®? nutrient,2? and metabolic interactions between the bacteria present in the 
biofilm including; micro-environment modification, synergism, competition and 
antagonism, in a background of fluctuating, interacting physicochemical intra-plaque 
gradients. Plaque biofilms are sited in constantly changing, locus-specific oral 
environments dominated by laminar flows of thin films of saliva and gingival crevicular 
fluid (an inflammatory exudate), with occasional periodic exposure to host meals. Dental 
disease is correspondingly site-specific.*> In vivo experimental protocols are limited, 
variability of results is high and their interpretation difficult. 
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Table 2. Considerations Affecting Choice of Protocols and Technology 


Existing knowledge of the natural situation being modeled. 

Objectives for study, and biodiversity of biofilm (Table 1). 

Origin of bacteria used: laboratory strains, adventitious infections, natural flora. 

Growth protocols: physical conditions (temperature, gas phase), nutrient regime 
(continuous or discontinuous), duration of experiment. 

Environmental fluid composition: concentration, chemically-defined, undefined media, biological fluids, 
pH, pCO,, etc. 

Fluid flow and shear: turbulent, plug, laminar, dropwise “impact/laminar” flows. 

Substrata: simple synthetic surface, model of natural surface, natural surface itself 

Conditioning film: source and application regime. 

Sampling protocol: replication, subsampling; continuous, pre- or post-experimental treatment 
and end point analysis, time series 

Analytical techniques: and their integration (Section VIII). 

Planktonic bacteria: their relationship to the biofilm, reinfection of biofilm 

Experimental treatment protocols, i.e., of antimicrobials 


The most realistic laboratory systems for biodiverse, complex Class IV biofilms are 
microcosms evolved from the natural microflora.'*!'5* A microcosm is “a laboratory 
subset of the natural system from which it originates but from which it also evolves”!® 
and features the genetic, temporal and structural heterogeneity of the natural system. It 
may be of any size. A microcosm after culture and evolution in an in vitro environment is 
a holistic, controllable model, closely related to the natural system and which embodies 
much of the original complexity.!65166 They are structurally heterogeneous and their 
composition is likely to be irreproducible but emergent properties such as the “resting” 
pH may be reproducible.!4* Plaque microcosms are cultured from either saliva, 
plaque-enenriched saliva or plaque and the resulting microcosm biofilms self-organize 
under the environmental conditions set. 


IV. GENERAL ISSUES 
RELEVANT TO BIOFILM CULTURE TECHNOLOGIES IN VITRO 


A wide range of potential biofilm culture technologies is available. A particular system 
obviously should be chosen to deliver defined objectives in the simplest manner. All have 
strengths, limitations and difficulties. The objectives amenable to study depend to some 
extent on the biodiversity of the biofilm (Table 1). Some are relevant to all biofilms. 
Some require Class I and II biofilms (especially monocultures), such as most detailed 
genetic and physiological studies. Some relate to high biodiversity biofilms where 
changing heterogeneous bacterial populations, and the involvement of unknown processes 
or particular species in the whole ecosystem properties of interest may play a role. The 
particular technology used determines the experimental protocols and analyses possible. 

The structure and nature of biofilms (Fig. 1) dictate some key decisions about the culture 
technology to be used. Table 2 lists these items and some of the options. These decisions 
about the bacteria and their culture need to be made taking into consideration the natural 
situation and how closely it needs to be modeled in order to achieve meaningful and 
worthwhile results. To obtain worthwhile data, the bacteria and their culture conditions 
obviously also need to be relevant to the natural situation being modeled. The major initial 
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choice is whether to use defined bacterial species monocultures or consortia, or use the 
natural flora to develop microcosms. Decisions on modeling of the liquid phase, its 
composition, mode of application and relation to the gaseous environment, the choice of 
substrata, conditioning film, and growth configuration (affecting sampling possibilities), 
will largely determine the culture system of choice. Further considerations include the 
inoculation procedure and whether to include continuous exposure to planktonic bacterial 
reinfection with recycle protocols, and how experimental treatments are to be applied. 
Other key issues include: available expertise for technologies and microbial systems which 
can be quite sophisticated, whether a number of different simultaneous growth conditions 
is required, and the amount of focus on biofilm morphology, flexibility of experimental 
protocols, number of replicates and type of samples, and the available techniques for 
biofilm and substratum analysis. Just how flexible or sophisticated an experimental system 
is needed is a significant consideration. 

Culture systems that realistically model biofilms are almost all “open” systems, that is, 
they have a continuous flow of environmental fluids containing nutrients. This involves a 
significant increase in technical complexity compared to simple “batch” culture 
generated biofilms. These open systems can be classified as: 


1. Preformed, nongrowing pseudo-biofilm models. A particularly powerful example is the cell- 
agarose laminar plug-flow system developed by Dawes to model quantitatively effects of 
biofilm thickness and thin-film saliva flow rates on biofilm pH responses.87-88 

2. Those with internal recycling of liquid and bacteria such as chemostats with submerged 
surfaces. 

3. Derivatives of tube reactors with a series of removable sample areas and turbulent or slow 
“plug” fluid flow such as the Robbins device,°® operated with or without recycle protocols. 

4. McGlohorn’s open channel-based flow chamber, developed to allow a range of 
substrata samples under potentially thick biofilms to be removed without disturbing the 
balance and functioning of the system.!0! 

5. Parallel plate flow chambers with predominantly laminar flow used frequently to allow direct 
observation of biofilms by microscopy. 

6. Radial, predominantly laminar flow systems with a very thin fluid film such as the 
“artificial mouth” for dental plaque culture developed by Sissons et al.,!3!-134 and radial 
flow reactors. 

7. Systems with novel approaches to fluid application and/or shear forces. These include: 
(a) the radial flow fermenter with radially-reducing fluid shear, (b) the Rototorque with 
controlled turbulent fluid-shear,”? (c) the “constant-depth film fermenter” which applies the 
fluid with a wiper blade that also removes the top surface of the biofilm as it grows,!!® 
(d) the “growth-rate controlled biofilm fermenter” where the media is perfused from the base 
of the biofilm and the rate of nutrient supply controls the biofilm growth rate,5! and (e) the 
simple Sorbarod filter system which is an in-line system for growth of biofilms on cellulose 
fibers.°! 


The thickness of mature biofilms tends to be greater with high biodiversity biofilms.” 
This affects the technology which can be used. All technologies can be used with Class I 
and II biofilms. Development of thick biofilms restricts the use of narrow bore biofilm 
reactors and flow cells for Class IV and V biofilms to early stages of biofilm develop- 
ment. For these biofilms, technologies are required which allow essentially unrestricted 
growth, or constrain it physically or by shear. These issues also affect the duration needed 
for experiments which will range from a few hours to days to weeks depending on the 
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Figure 4. Dawes laminar flow pseudo-biofilm device. 


experimental objectives, the time frame of biofilm formation in the natural and in the 
experimental system, and the technology available. 
Options which can also be considered include: 


1. Very simple closed-system “batch culture” biofilm methods. Despite their major limitations, 
they have specific uses which may replace the need for more sophisticated systems. 

2. In vivo or in situ experiments, if feasible will, despite their difficulties, give results in the 
natural environment which for that reason alone will relate more closely to the natural 
situation. They may also involve the natural microbiota, thereby increasing their realism. 

3. Computer-based modeling based on measurements made of living biofilms, although not 
involving biofilm culture per se, can summarize quantitatively what is known about 
particular properties of the biofilm, give powerful and useful insights into biofilm 
behavior, and generate and test hypotheses.**!© These are not further considered in this 
review. 


V. CONTINUOUS-FLOW IN VITRO METHODS 
FOR BIOFILM CULTIVATION 


A. Preformed, Nongrowing, Pseudo-Biofilm Biochemical Reactors 

Biofilms which are constructed instead of cultured are particularly important in 
establishing metabolic parameters and biofilm-specific behaviour for mathematical 
modeling in relatively short-term experiments (minutes to hours). They usually involve 
single species of bacteria. Examples with oral bacteria have included cells suspended in 
agarose with a gel of defined composition, geometry and fluid flow (e.g., to study pH 
changes®®87), cells packed onto enamel,* or cells layered between membranes to study 
diffusion and metabolism.3”!!® 
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The Macpherson and Dawes cell-agarose laminar flow model system was designed to 
model the effect of the flow rate of the thin 100um laminar-flow saliva film on plaque pH 
responses over several hours (Fig. 4). Substrate concentration and cell concentration using 
Streptococcus oralis and Streptococcus vestibularis (which metabolises urea) were used 
as microbial models.*”8* The equipment consists of a rectangular flow chamber in an 
incubator, which has a rectangular block of low-temperature melting agarose containing 
the bacteria, and a plate fixed at 100 mm above the surface to set the thickness of the 
liquid film (Fig. 4). A pump moves the fluid along the chamber at estimated in vivo saliva 
flow rates, the equivalent of slow plug-flow in larger systems.” pH electrodes are 
positioned in the biofilm proximal and distal to the point of fluid entry and the different 
“biofilm” pH responses to substrates of the two electrodes are recorded as a function of 
variation in fluid film flow rate. These experiments have yielded realistic pH curves and 
allowed a quantitative assessment of the relative importance of the liquid film flow rate 
and several other key variables to the pH response induced by carbohydrate and urea. 
This general approach to constructing and analyzing the behaviour of an agarose-bacteria 
“synthetic biofilm” has considerable potential for deriving metabolic parameters of other 
biofilm systems in relatively short-term experiments. 


B. Chemostat-Based (Internal Recycle) Systems with Internal Submerged Surfaces 


Experimental surfaces can be submerged in chemostats, which are nutrient-limited 
continuous stirred tank reactors (CSTR). These systems have proved particularly useful 
in oral microbiology.!*-!6.60.71,79.80.93 Tn chemostats, there is a controlled fluid supply 
determining the nutritionally-limited growth-rate of a planktonic phase which interacts 
biologically with the biofilm being formed. Biofilm formation usually changes the steady- 
state conditions in the chemostat, which is then no longer operating under chemostat 
conditions. Potentially, a large number of replicate samples and a variety of surfaces can 
be used, but to compare biofilms grown under different conditions requires operation of 
separate chemostats. Sequential changes in nutrient supply and experimental treatments 
using fresh surfaces can be applied in long term experiments (over several weeks) although 
replacement may cause contamination problems. Conditions are likely to vary during the 
course of the experiment due to the presence of the biofilm, and selection of bacteria with 
changed properties may occur. Removing the surfaces outside the chemostats to give 
external biofilm growth reactors, e.g., the Robbins device and flow cells (Sections V.D.1 
and V.E), increases options for modeling appropriate sample configurations, fluid hydro- 
dynamics, biofilm growth and analysis and application of experimental treatments. 


C. Robbins Device Tube Reactors and Derivatives 


1. Robbins Device 


The Robbins device is a simple, widely-used, successful method to establish and 
analyze surface-associated biofilms in tubes or pipes with a reasonably rapid and 
turbulent fluid flow.®-°8! It is a multiport sampling device with evenly spaced 
sampling ports, the samples being mounted on removable plugs to fit flush with the inside 
surface of the pipe. Multiple biofilm samples cultivated for varying lengths of time can be 
removed and analyzed independently without upsetting the balance of system. The fluid 
flow normally needs to be sufficiently rapid to ensure the absence of proximal—distal 
variation in conditions, the opposite situation to that obtained with the Macpherson and 
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Figure 5. Modified rectangular-section Robbins device. (Adapted from ref.”5) 


Dawes system (Section V.A.). Slow fluid flow allowing plug-flow conditions would be 
possible with a small bore reactor. The classical Robbins device has been widely used, for 
example, to examine colonization of engineered material surfaces in waste-water 
treatment and industrial situations. In most situations cases it has been operated as an 
external loop from a CSTR although this can be modified to reflect the situation being 
modeled. Its major advantages include simplicity of the device itself and the ability to 
remove samples without disturbing other samples. In common with several other biofilm 
systems, the classical Robbins device has a significant cost derived from its machined 
construction, especially if there is a need (not always required) to configure biofilm 
substrata to match the curvature of the tube so that biofilm growth is smoothly continuous 
with the wall of the tube. Development of boundary layers occurs, and there can be a 
problem with tearing the biofilm layer when samples are being removed. However, one 
further advantage of the system is that various modifications of the basic design can be 
made to overcome specific difficulties. 


2. Variation A: Use of Whole Catheters 


In this very simple approach, developed by Ladd and colleagues to study biofilm 
formation in catheters,” the entire catheter itself, in its sterile envelope, is attached to the 
effluent of a CSTR until colonized and then removed, rinsed, cut into sections and 
analyzed. Ladd et al.” analyzed Pseudomonas aeruginosa biofilms by microscopy and 
by radiorespirometry of glutamate to measure their sensitivity to tobramycin. This is a 
typical method for studying bacterial adhesion to stents. 


3. Variation B: Unmodified Glass Tubes 


Quite simple components can be developed into quite a sophisticated model. An 
example is the system set up by Byers and Characklis!* with two cylindrical glass flow 
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Figure 6. McGlohorn channel-based laminar flow device: (Top) Chamber; (Bottom) Top 
view of channels. 


reactors in sequence connected to a CSTR with an internal recycle circuit, planktonic 
cells being generated within both the mixing vessel and recycle circuit. The first reactor 
contained fifteen glass cylinders 5.1 cm long and 1.27 cm ID in series, housed in a 
stainless steel outer sleeve. Individual glass cylinders which were periodically removed 
to measure biofilm accumulation from much larger surface areas than possible with plug 
samples in classical Robbins devices. The second flow tube was a cylinder 91 cm long 
and 1.27 cm ID with pressure taps at each end to measure the pressure drop. The system 
was mounted on a photomicroscope to allow image analysis of the area covered by the 
biofilm as it developed. 


4. Rectangular Section Flow Chambers with Sample Plugs 


A popular modification of the Robbins device is to use a rectangular section Perspex 
flow chamber with a removable top containing sample plugs with experimental substrata 
glued onto the end, i.e., for studying adhesion and biofilm growth on catheter sections.54? 
This is either connected to a CSTR as in Part 2 above, or inoculated over several hours by 
recycle from a batch flow fermenter (which does not allow one to distinguish between 
ongoing adhesion or biofilm growth), or the plugs can be preinoculated by letting a dense 
bacterial suspension adhere for 1 h,° a variant of the adhered-cell outgrowth method 
(Section VI.3.). 

As well as uses for examining biofilm development, this reactor (and other Robbins 
reactors) can be inserted into a disinfection rig to examine biofilm removal (clean- 


Culture and Analysis of Biofilm 145 


in-place) procedures. A further option is to place the removed plugs with their attached 
biofilms into test procedures. An example of this is exposure of P. aeruginosa biofilms on 
a polyethylene plug to antibiotic (12 micrograms/mL gentamicin sulfate) and ultrasound 
delivered directly from the opposite face of a chamber at 10 mW/cm? and different 
frequencies.'”* By this technique, it could be shown that although ultrasound by itself did 
not reduce biofilm viability, it increased kill by gentamicin, especially at lower 
frequencies (e.g., 70 kHz). 


D. McGlohorn’s Channel-Based Laminar Flow Chamber!91 


The McGlohorn chamber is an eight open channel flow chamber containing removable 
microscope slides to which samples of various materials as test substrata (e.g., titanium 
10 x 15 x 1 mm) can be attached with doubled sided tape to facilitate removal and 
biofilm analysis (Fig. 6). Special attention was paid to the fluid dynamics of the system 
to ensure uniform shear stress, flow velocity, and flow pattern environment of selected 
biomaterials test substrata. The flow chamber itself has identical mixing chambers at 
either end to allow reversal of fluid flow, each containing a baffle to allow turbulent 
mixing on fluid entry but reduced turbulence at the entry to the flow chamber. In each 
channel, the flow is laminar, at the same flow rate and degree of fluid shear, which, 
however, decreases along the flow cells due to the wall boundary effects. For samples 
to be comparable, they have to be positioned the same distance along the flow cells. On 
the first day the media reservoir is inoculated (e.g., with S. epidermidis) and fresh 
media is then supplied each day for 10 d at 37°C. The chamber has a removable cover 
so that samples can be withdrawn and replaced without disturbing the others, or the 
balance of the system. Below the lid there is free airspace, and the flow is in channels 
not tubes, so creation of anaerobic conditions would need further modification. Because 
the whole slide with sample is removed, the biofilm is not torn before analysis as may 
be a problem with the Robbins devices. It is simple and cheap to construct, straightfor- 
ward to operate and allows time course studies, potentially on almost any material. 
Because of its open construction it could be used togrow thick biofilms, e.g., Class IV 
microcosms. 


E. Laminar Flow, Parallel Plate Flow Chambers 


1. Continuous Flow Slide Culture 


Development of noninvasive methods for the real-time observation of growing 
biofilms, based mainly on various forms of microscopy, has led to the development of a 
range of arrangements where a biofilm is cultured in a chamber between two parallel 
plates, usually microscope slides or coverslips, for study in situ.'®!° Often multiple 
channels are present to increase replication. Of particular importance is the use of 
confocal laser scanning microscopy (CLSM) combined with fluorescent probes!? A 
technique useful for quantifying early biofilm growth is Attenuated Total Reflectance 
Fourier-Transform Infra-Red Spectroscopy, requiring growth on germanium prisms but 
providing a quantitative IR spectrum of the developing biofilm.°”° 


2. Gradient Culture Methods 


Caldwell and colleagues have developed a series of gradient flow diffusion systems 
called microstats. The Wolfaardt microstat was based on diffusion of substances from 
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Figure 7. Multiplaquechannel Artifical Mouth: (A) Cross section of biofilm growth station; 
(B) Longitudinal section of culture chamber. 


adjacent edges of square gels. Laminar wedge microstats use wedge-shaped channels to 
develop gradients across the flow cells and, due to plug-flow conditions, a decreasing 
concentration gradient along the cell. The laminar wedge microstat allows gradients to be 
switched on and off. The biofilm is cultured on microporous sintered glass. These 
techniques allow growth optimization in the presence of interacting gradients, and 
formation of specific consortia or communities of bacteria occupying habitats formed at 
particular points on the dual gradients. 
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F. Laminar Flow, Radial “Artificial Mouth” Systems 

The term “artificial mouth” is generally applied to biofilm culture systems modeling 
dental plaque on teeth, tooth tissues or artificial surfaces. They tend to feature 
independently-grown plaque biofilms with dropwise application of fluids. After the initial 
impact of the fluid drop, liquid flow over the biofilm approximates thin film laminar flow, 
as in the oral cavity. They allow flexible and precisely-timed, discontinuous fluid 
application regimes and can grow a number of replicate plaques under different controlled 
nutrient conditions. They essentially lack a planktonic phase and are limited in size to a 
small degree only by liquid shear. Biofilm size is restrained by the growth geometry as 
excess falls off, and by the nutrient supply. Because of stochastic structured biofilm 
growth, exact sample replication within each plaque is limited but subsampling and 
effluent analysis is usually possible. Growth and properties of plaques over weeks can be 
studied. Treatments with semisolids such as toothpaste can be applied outside the culture 
chamber.!7> Their facility for long-term continuous monitoring of biofilm pH behaviour 
by electrodes is a major advantage.®!29.133.172 

The “Multi-plaque Artificial Mouth” (MAM) designed and refined by Sissons, Wong 
and colleagues, is a generic artificial mouth which has developed into a flexible plaque 
biofilm culture system appropriate to a range of experimental regimes and modifications 
(Fig. 7).33127-128,133,134,139,141,172 Tt was developed from designs by Russell and Coulter!*° 
which included sectioned teeth, pH and Eh electrodes and effluent analysis, and by Dibdin 
and colleagues? which had up to six replicated chambers for independent controlled 
plaque growth and control of nutrients by pumps. Current design features include 
long-term independent growth of initially five (Fig. 7B), but now eight, replicate plaques 
from the same inoculum, at the same temperature in the same gas phase.!** There is a 
wide choice of possible plaque growth supports and substrata, including tooth 
tissues,*?:!?7133 with a standard plaque support system comprising a 2.5 cm diameter 
Thermanox tissue-culture cover-slip to give radially symmetrical plaques, positioned on a 
glass ring with posts to standardize fluid dynamics.!*3 There are three or more 
independent computer-controlled fluid lines to each plaque supplying simulated oral fluid, 
carbohydrate and experimental treatments.!7? Data acquisition from micro-pH and 
reference electrodes is also computer-controlled. 133-172 

In standard growth protocols a nutritional analogue of saliva-containing mucin, 
modified from Glenister et al.*+!*+ (basal medium mucin, BMM), is supplied at 3.6 mL 
per hour per plaque, and every 6 or 8 h, 1.5 mL of 5% or 10% sucrose is supplied for 6 min 
to mimic meals. All these parameters can be varied. Growth of microcosm plaque biofilms 
is initiated by inoculation with saliva which has been enriched for plaque bacteria by the 
donor abstaining from oral hygiene procedures for 24 h. In many experiments the devel- 
oping biofilms are reinoculated 3 and 5 d later to facilitate acquisition of species requiring 
an established biofilm plaque environment to colonize and grow.!*4 Mixtures of pelleted 
and resuspended stationary-phase species are used to initiate biofilm consortia. Experi- 
ments can last from a few days to several weeks. After about 3 wk growth, plaques are 
convex, reach up to 5 mm maximum depth and 1 to 2 g weight. During growth, plaque 
wet-weight, continuous pH measurement and sampling for a range of chemical, biochemi- 
cal, microbiological and microscopy measurements can be made on plaques still attached 
to their substratum. 131137 The MAM enables investigation in many areas of plaque 
ecology and pathology with a wide range of protocols, and allows realistic testing of 
antimicrobial agents. !3° 
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Figure 8. Shear-dominant fermenters: (A) Roto-Torque; (B) Constant-depth film fermenter. 


Plaque microcosms have been shown to be similar to natural plaque in composition and 
structure, growth and pH behaviour. Complex fluctuating intraplaque pH gradients have 
been demonstrated directly.!33-!4! The regulation of urease by urea, ammonia and 
arginine has been studied, enabled by the control of the environment and nutrient 
supply.!38 The plaque resting pH (no effect of meals) and hence pH range can be 
controlled metabolically through the continuous supply of urea at levels found in saliva. !4? 
Among a range of analyses of specific components and whole ecosystem emergent 
behavior, detailed analysis of growth patterns and rates has shown that they are the same 
as in vivo growth rates.!3” Plaque mineralizaton can be analysed. 13417! We have also been 
successfully pursuing the complementary approach of constructing synthetic plaque-like 
consortia with major plaque species, using four to six species of putative caries 
pathogens. !27.128 

A different artificial mouth lineage involves rotation of a platter containing enamel 
blocks or hydroxyapatite disks under the nutrient fluid supply. In one example, the Orofax, 
slowly melted frozen saliva which was dripped onto hydroxyapatite disks mounted 
between slides in a slide projector carousel but it had problems with reproducible 
growth.!73 The other major system in current use, developed by Noorda et al.,!°? consists 
of a computer-controlled fluid supply and rotating platter which contains a series of 
enamel blocks or hydroxyapatite disks enclosed in a fermenter. Inoculation is from batch 
or chemostat culture.3”!!0-!29 The constant-depth film fermenter (CDFF-Section V.G.3) 
is a variant of this approach. 


G. Culture Systems with Distinctive Fluid Flow or Shear Conditions 
1. Radial Flow Reactor 


In the radial flow biofilm reactor, liquid is applied to flow radially from the center of a 
circular disk-shaped fermenter with a gap of about 500 um and a pre-inoculated bottom 
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Figure 9. Growth-rate controlled devices: (A) Growth-rate biofilm fermenter; (B) Sorborod 
perfused biofilm model 


surface. Fluid shear forces theoretically decrease in proportion to the square of the distance 
from the center. However, with significant biofilm growth, the inner biofilm affects the 
outer by deposition of cells, the plug-flow conditions, and increases frictional drag. This 
system is best used for examining the effects of fluid shear on initial biofilm growth. 


2. Fluid Shear-Controlled Roto-Torque 


The Roto-Torque (rotating annular reactor) is a CSTR reactor, essentially a chemostat 
having an internal cylinder with angled holes which rotates at controlled speeds creating 
very turbulent flow and hence generating considerable and uniform shear forces in the 
annular fluid volume (Fig. 8A).?? The outside wall has up to 12 removable slides attached 
which enable analysis of biofilm growth and properties. The effect of shear forces on 
biofilm growth and properties can be examined, and used to limit biofilm thickness. Fluid 
drag due to biofilm growth can be measured directly with a torque transducer. External 
recycle additions can be used to increase mixing, adjust gas concentrations and to apply 
experimental treatments. 


3. Mechanical Shear Controlled Constant-Depth Film Fermenter (CDFF) 


The CDFF designed by Wimpenny and colleagues!!*!7-!7 limits biofilm thickness by 
mechanical shear. Biofilms develop in a set of 15 pans in a revolving platter, each 
containing 5 or 6 disk depressions of preset depth, usually 300 um. Biofilm growth above 
the surface of the platter is removed by a Teflon blade sweeping the surface which also 
distributes the fluid supply, which had been delivered dropwise to the rotating platter. All 
this is mounted inside a custom-made fermenter. Until the maximum biofilm thickness is 
reached, there is a planktonic culture above the biofilm forming a second phase. Insertion 
of electrodes during growth is not feasible. The CDFF used for dental plaque studies can 
be regarded as a type of artificial mouth. In addition to providing constant size biofilms 
this system provides a large number of replicates for analysis. It can be operated as a 
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two-stage system, i.e., with a nine-species inoculum established as a steady-state 
consortium in an anaerobic chemostat and aerobic CDFF biofilm growth to yield what are 
claimed to be pseudo-steady-state biofilms.” Class IV biofilms such as dental plaque 
microcosms can also be studied in this system. 


4. Growth-Rate Controlled Biofilm Fermenter (GRBF) 


The GRBF gives media-limited outgrowth of thin filter-deposited biofilms, analogously 
to the chemostat, but without the intervening planktonic phase present in chemostat 
systems.>°*? It is a development of the Helmstetter and Cummings* method for selection 
of freshly divided bacteria. A cell layer (about 5x10? exponential phase cells) is packed 
under vacuum onto 47 mm diameter 0.22 um pore size cellulose acetate membrane to 
form a “constructed” pseudo-biofilm. The filter is incubated with the cells face down over 
a steel sinter, with the rate of perfused media applied to the upper side controlled by the 
hydrostatic head. After the initial loosely adhered cells are removed, the cell division rate 
is proportional to the low rate of media perfusion, i.e., the biofilm is growth-rate 
controlled. An important feature is fluid flow through the biofilm instead of across its 
surface. This nutrient and fluid supply is probably common in mucosal surface biofilms. 
Analysis of both the biofilms during steady-state growth and the effluent containing a 
cohort of freshly-divided daughter cells enables a distinction to be made between biofilm- 
specific and growth-rate specific effects on such parameters as antimicrobial resistance. 
This approach works well with monocultures. Higher biodiversity biofilms might yield 
interesting results. The main differences between the growth rate-controlled biofilm 
fermenter and chemostat-related systems is its lack of intervening planktonic phase, fluid 
flow through the biofilm instead of across its surface, possibilities for cell-cycle analysis 
with the eluted cells, but limited sample size, replication and choice of substratum. This 
system has proved unsuitable for long-term experiments on Staphylococcus aureus or 
P. aeruginosa. 


5. The Sorbarod Perfused Biofilm Model (SPBM)°! 


A simplified modification of the GRBF suitable for S. aureus and P. aeruginosa is 
based on biofilm growth in a Sorbarod filter of a cellulose fiber (Ilaron, Kent, UK) housed 
in a PVC tube and perfused from a syringe following inoculation with approx 10° cfu 
bacteria.°! The cells grow attached, probably as microcolony-mode biofilms to the cellu- 
lose fibers. Biofilm and eluted cells can be separately analyzed. Although the biofilms 
grow slowly with a reproducible and measurable growth rate, control by elution rate seen 
with the GRBF does not occur. Likewise, perfusion through the biofilm from its base no 
longer occurs. The advantages of the SPBM are simplicity, cheapness, ease of use and 
replication, and each filter yields three orders of magnitude more cells than the GRBF. 
High biodiversity biofilms have not been studied. 


H. Ancillary Equipment for Culture Chambers and Reactors 


All continuous flow systems, except the most simple (e.g., SPBM, Section V.G.5.), 
require a flow of fluid from a reservoir which is connected by tubing, via a pump, to the 
reactor or culture chamber. When the fluid flows out of the reactor and chamber it either 
enters a waste system or a recycling circuit. All this equipment needs to be kept sterile for 
the duration of the experiment and is usually housed in an incubator. Mechanical timers 
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or computer controls are required if there are timed fluid supplies (e.g., media), 
carbohydrate or experimental treatments. There may also be a need to control a 
humidified gas phase in the reservoirs and reactors. Many useful technical details are 
described by Drew.*? We describe some which have proved useful for the MAM system. 


1. Reservoirs 


Reservoirs can be constructed from screw-cap laboratory bottles (Schott, Mainz, 
Germany). For the MAM simulated oral fluid supply (BMM), 2 liter bottles were 
modified with the addition of a 4 cm length of 6 mm diameter glass tube for attaching a 
45 mm diameter vent filter, three GL14 and one GL25 screw cap vertical outlets at 
the top. One of the GL14 screw caps takes 7 mm glass capillary tubing to the bottom for 
the fluid exit line, another has 7 mm capillary glass tubing to the base leading to a 16 gauge 
syringe needle with its point ground down, for sterile sampling of the reservoir, and the 
third is closed off with a silicone septum but is available to install a gas or fluid addition 
line. The GL25 has a silicone septum for the injection of supplements or addition of more 
fluid through a needle. Reservoirs for additions such as carbohydrate or experimental 
treatments are modified 500 mL laboratory bottles with a vent and two GL14 screw caps, 
one for a line out and the other with a silicone septum. 


2. Tubing 


The tubing for most of the fluid lines is Silastic silicone (3.8 mm OD, 1.67 mm ID or 
2.16 mm OD, 1.02 mm ID) with some connections of butyl rubber. Quick-connects are 
made from 2.5 cm x 12 gauge and 5 cm x 14 gauge, or from 2 cm x 15 gauge and 4 cm 
x 18 gauge hypodermic tubing, for the larger and smaller bore tubing respectively.*° The 
larger bore tube of the connection acts as a protective sleeve for the smaller bore tube 
which makes an internal seal on the silicone tubing. For sterility, the reservoirs and lines 
can be autoclaved fully connected but we have found that if the individual quick-connects 
are separated, wrapped in aluminum foil and autoclaved, they can be connected 
aseptically, maintaining sterility even for media lines. 


3. Pumps 


Generally, peristaltic pumps are used. Where there is a need for low flow and critical 
control over periods of weeks, it is necessary to use very high performance pumps, such 
as the Watson-Marlow 505 Series pumps with cassette heads (Watson-Marlow Limited, 
Falmouth, UK) and Marprene pump tubing (Watson-Marlowe Limited, Falmouth, UK). 
These pumps are used for the MAM to pump the simulated oral fluid. For less critical 
pumping, such as reagent addition, or for single channels, there are high quality 
alternative peristaltic pumps. Where timed discontinuous fluid applications are needed, 
mechanical or electronic timers can be used to directly switch the pumps on and off. 
Control by computer programs, such as LabVIEW (National Instruments Corporation, 
Austin TX),!7? is more complex but more satisfactory. 


4. Gas Supply 


For systems where there is a gas phase above the biofilm and the fluid reservoir, a gas 
supply is required, e.g., 5% carbon dioxide in nitrogen is used for the MAM. To maintain 
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water saturation of the system, the low pressure gas passes through a vent filter, then is 
pre-humidified by bubbling through sterile water. 


5. Incubators 


Many culture systems can be temperature controlled in a standard incubator or with a 
water jacket.*° Construction of a custom-designed incubator of 6 or 10 mm thick Perspex 
allows unobstructed access to important parts of the reactor and appropriate entry of lines 
kept neatly together—in the MAM there are 24 tubing lines and potentially 16 electrode 
(pH and reference) cables. 


VI. CLOSED SYSTEM “BATCH CULTURE” BIOFILM METHODS 


These methods are very simple and include: the analysis of colonies on agar plates, 
wall-growth on test tubes, on beads or wires, in microplates, and on various substrata. 
Only small amounts of biofilm are produced by most of these methods and they have the 
major disadvantage of changing culture conditions which usually are far removed from 
the natural biofilm environment. They are generally suitable for studies of monocultures 
or Class II biofilms only. 


A. The Bacterial Colony 


Colony formation on agar media in a Petri dish is in practice the simplest and most 
common in vitro analogue of a biofilm.'®+ Microbial functions elicited by growth on 
substrata and or by high-density of cells will be manifested. Gradients of substrates, pO., 
metabolites, etc., are generated similarly to biofilms, and complex structures can form, 
even with Escherichia coli!*® or Bacillus subtilis.” Usually colonies are pure 
mono-cultures but consortia of interdependent bacteria can also form colonies. Colony 
morphology is strongly affected by changing cell surface structures and extracellular 
polymers. A useful example is slime production by CNS which can be detected by Congo 
red uptake and colony blackening from brain heart infusion-5% sucrose-0.08% Congo 
red media, a robust, reproducible and sensitive method which yields viable colonies for 
further analysis. 


B. Wall-Growth Methods 


The wall adherence assay in culture tubes reported by Christensen and colleagues is a 
qualitative macro-method for detecting the existence of bacterial biofilm in vitro.78 
Adherent growth by S. epidermidis lining the inner surface of the tube is demonstrated by 
safranin O or trypan blue staining. Further criteria such as concentrated surface growth at 
the meniscus has proved useful for oral bacteria. !*8 Growth on nichrome wires can also be 
assessed.?? A microplate modification of the test for slime production by CNS adapted to 
a spectrophotometric micro-test assay was reported by Pfaller et al!?? and used to 
demonstrate reproducible quantitative differences in slime production among different 
strains and species of CNS. It may be useful in studying the effects of conditions such as 
antibiotic exposure on slime production. See also Section VIII.C.2. 


C. Adhered-Cell Outgrowth Method 


In 1987, Prosser et al.!?! reported a simple method to produce biofilms in vitro. Cells 
(E. coli) were grown overnight on Mueller-Hinton agar, resuspended in buffer and 
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dispensed on 0.5 cm? catheter disks. The disks were incubated for 1 h at 37°C, washed, 
and incubated in broth for a further 20 to 22 h, by which time thick biofilms were 
established. !2! 


D. Growth on Glass Beads 


To get a relatively large amount of biofilm, Giridhar et al.53 placed 10 gm of glass 
beads in a CNS culture (100 mL of TSB-1% glucose-5% NaCl) to increase the surface 
area for bacterial adhesion and subsequent biofilm formation. It was grown unstirred at 
37°C for 4 d, the beads separated by filtering, the biofilm extracted, and collected by 
filtering with a 0.45 um filter. A more sophisticated nonbatch culture variant of this 
technique involves glass-bead columns with media percolating through them, used 
successfully for oral microbiota microcosms, a Class IV biofilm.!*° Any particulate 
substratum can be used. At larger scales, gas-lift fermenters give more efficient mass- 
transfer and biofilm growth. 


E. Batch Culture Biofilm Growth on “Natural” Surfaces 


These involve immersion of materials of interest in batch cultures of bacteria. 
Colonization and growth of P. aeruginosa on the surfaces of longitudinal halves of 1.0 and 
1.5 cm catheter sections inoculated in a synthetic urine actively-growing planktonic bacteria 
has been described by Nickel and colleagues.!°° This technique produces 50 
replicates at a time for antibiotic sensitivity testing. In dental caries models, hydroxyapatite 
beads and blocks of tooth enamel have been incubated in batch cultures of bacteria in 
standard culture media and Ca** solubilization measured.”° These systems, however 
unrealistic the bacterial growth state, allow comparative studies of selected properties and 
antimicrobial strategies. 


VII. IN VIVO METHODS FOR BIOFILM CULTIVATION 


A. Specimens Harvested from Human Patients 


Biofilms to be studied can be harvested from the surface of infected prosthetic devices 
(such as joint prostheses, artificial heart valves, or vascular and urinary catheters, urethral 
stents), infected or dead bone surfaces, and different locations of dental plaque (smooth 
surfaces, approximal surfaces, fissures and subgingival pockets).>°!?3 These biofilms are 
a sample from the real human condition, but suffer the drawback that often the biofilm 
structure is disrupted, the sample is pooled from several distinct sites thereby averaging 
out real differences, and it may be complicated by the presence of proteins, tissue cells or 
debris, compared to samples from an in vitro controlled experiment. Another type of 
sample, which can be analyzed to reflect in vivo activities, is typified by saliva or salivary 
sediment.’+!*? Salivary sediment is the centrifuged mixed salivary bacteria that are pooled 
from all oral microbial biofilm ecosystems, including dental plaque and biofilms on 
mucosa. Most of the bacteria are clumped or adherent to epithelial cells, and in the pelleted 
state form a nongrowing pseudo-biofilm (see Section V.A.). The pooling of bacteria 
from heterogeneous locations in salivary sediment is an argument for using salivary 
bacteria to overcome source heterogeneity problems when initiating dental plaque 
microcosms, allowing the environment to “select” the appropriate species. !>! 
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B. Human In Vivo, In Situ and Intraoral Models 


Apart from removal and analysis of infected prosthetic devices, opportunities to carry 
out in vivo or in situ studies in humans are severely limited. Studies are confined to the 
alimentary tract and mainly to the most accessible region, the oral cavity. Intraoral model 
systems include plaque growth on plastic strips,!* under bands,’ on enamel attached to 
teeth!*4 and to intra-oral appliances in different configurations.67-8°-112.117.176€ Compared to 
the study of plaque in vivo, these models increase access and sampling possibilities, and 
those involving removable intraoral appliances allow experimental treatments.?*!!3-!7° 
One intra-oral model of dental caries involves Streptococcus mutans layered between 
enamel blocks in a palatal appliance.!’° In another model, bacterial monolayers were 
applied to the enamel followed by growth of the natural microflora.*! Intraoral models 
benefit from but are limited by their siting in the natural, site-specific, uncontrolled oral 
environment. 


C. Animal Models 


Most of the in vivo animal models of bacterial biofilms are foreign body infection 
models. Implants together with adhered bacteria are implanted into a subcutaneous tissue 
pouch, peritoneal cavity,'+4’ or the medullary canal of bone.®*°° Bacteria can also be 
injected into the implant site after implantation. For in vivo study, implants are often left 
in animal tissue for days, weeks, or even months. !4:47 


VIII. METHODS FOR ANALYZING OF BIOFILMS 


Techniques for biofilm analysis are both numerous and varied. This section could not 
possibly describe all of them and selectively outlines a few fundamental techniques and 
briefly only mentions some others. Part III (Chapters 13 to 19) contains further description 
and the detail of many of these. For biofilms more complex than Class I monocultures, 
especially Class IV and V biofilms such as the normal human microbiota, techniques are 
required to assess their taxa composition, population structure, biodiversity and 
similarity, and these are also outlined. 


A. Thickness, Weight, Area, Density Measurements 


Biofilm thickness, area, wet-weight, and dry-weight measurements and density 
estimates are basic parameters in biofilm studies. Thickness measurement by light 
microscopy is usually effective but may not work with thick biofilms.*!56 The biofilm is 
placed on the stage of a microscope which has calibration scales on the fine control and 
the objective is lowered until the biofilm surface is in focus and the fine adjustment dial 
setting of the microscope recorded. The visibility of the biofilm surface can be enhanced 
by blowing fine powder (e.g., fine talcum powder) over the surface.!©8 The microscope 
objective is then focused on the substrata surface, preferably in an area with no biofilm. 
The difference in fine adjustment settings is compared with a calibration curve constructed 
to allow for refractive index differences, and the thickness calculated. Several 
determinations may be needed to establish a thickness profile.4 A simple manual 
gauge-needle method” and an electronic probe to measure biofilm thickness’? have been 
described. Properly prepared SEM samples (e.g., freeze-dried cross-sections of a Foley 
bladder catheter) enable an estimation of biofilm thickness and also reveal layering of 
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embedded bacterial cells. Biofilm thickness measurement allows volume calculations 
in conjunction with area measurement and is important in estimating likely mass-transfer 
diffusion limitations for substrate access and metabolite removal at different levels of the 
biofilm. Biofilm area is usually known for non-patchy biofilms. For patchy biofilms it can 
be either measured directly with a calibrated grid (i.e., in a microscope eyepiece) or by 
image analysis techniques. 

Biofilm wet-weight is a useful biomass measure, especially of samples on tared 
substrata as it is a very simple, quick procedure. In the MAM system, the whole biofilm 
on its preweighed substratum is rapidly weighed to 0.1 mg with a five-place electronic 
balance to give values which correlate closely with dry weight and total protein, allowing 
growth curves as biomass accumulation to be constructed.!*’ For dry weight estimation, 
biofilm samples can be dried at more than 60°C (60°C, 103°C, and 105°C have been 
reported) for several hours,®:!04:!>° or placed in a desiccator over P,O; for several days 
until constant weight is achieved.'*’ The substrata can be either weighed before biofilm 
growth (with the assumption of no substrata solubilization) or cleaned, dried, and weighed 
again in order to derive the dry biofilm mass. 

Biofilm density (r) is usually measured as the dry-mass per unit volume (kg/m?). Mea- 
surements of thickness, surface area, and dry weight can be used to calculate the density. 
If there are both wet and dry-weight measurements on the same sample, an approximate 
density measurement may be made by assuming that the volume of the biofilm sample is 
the same as the water volume estimated as the wet-weight minus the dry weight. For 
comparative purposes, an area film density can be calculated as dry-weight per unit of 
substratum area. 


B. Morphology and Substructure 


Light microscopy techniques are the fundamental set of methods for biofilm observation 
and measurement, either directly in situ!5® or of histologic sections.”! CLSM is a particularly 
important biofilm analysis technique but is restricted to 50 mm to 200 mm thick biofilms, 
depending on instrumentation (see Chapter 15). Scanning and transmission electron 
microscopy have proved invaluable for examining the structure of biofilms. 4356-82-104 For 
electron and optical microscopy, care is needed during sample preparation as bacterial 
biofilms are highly hydrated and thus readily deformed. The Electroscan wet scanning 
electron microscope (Electroscan Corporation, Wilmington, MA) avoids this problem and 
visualizes the matrix surface but does not penetrate well into the biofilm. !! Chapter 15 and 
reviews by Gristina and Costerton,>>*° and Ladd and Costerton’® describe SEM and TEM 
sample preparation. NMR (nuclear magnetic resonance), and ATR-FTIR (attenuated-total- 
reflection/Fourier-transform-infrared-spectroscopy)™ are also newly developed valuable 
methods for morphological observation of biofilms.° Availability is often a problem with 
these newer and expensive technologies. 


C. Measurement of Biofilm Biomass and Extracellular Matrix (ECM) 


1. Chemical Analyses of Biomass 

“Biomass” has a variety of definitions associated with different approaches. These 
range from wet or dry-weight measures of the whole biofilm, to measurements which 
focus primarily on the cell content, to those which focus on cellular activities or viable 


156 Sissons, Wong, and An 


cell biomass (Section VIII.C.3. below). Viability is also a term with a range of meanings. 
Viable cells have metabolic potential but nonviable cells also may have structural 
functions or serve as a nutrient source. Most biomass measures focus on cells, in effect 
defining biomass as living biomass, and aim to distinguish cells and their contents from 
the ECM, frequently a useful distinction. 

Direct measures of cell contents include total protein, DNA, lipids, and enumeration of 
total or viable cells, if necessary, in a dispersed biofilm sample. Total Folin protein is a 
reliable measure which we favor as a biomass base. The procedure requires solubilization 
of a biofilm sample (a wet or dried sample or a 7% trichloroacetic or 0.5 M perchloric acid 
precipitate, i.e., from mineral extraction or other procedure) in 500 uL of 1.0 M NaOH at 
35°C for 18 h. Sodium hydroxide at 0.5 M does not dissolve all the protein and higher 
solubilization temperatures run the risk of degrading tryptophan. A further modification!*° 
of the Peterson Folin reaction!!® is then carried out. This method allows duplicate 
reactions to be carried out using as little as one milligram wet-weight of biofilm. 

Total protein measurement is not specific to cells; there are proteins in the ECM but 
generally at lower levels. Total DNA is more cell-specific and can be measured by a 
variety of reactions such as the orcinol reaction (insensitive) and a range of fluorimetric 
reactions. Various lipid fractions show either a close correlation with total biomass 
(e.g., lipid phosphate or phospholipid-associated fatty acids, PLFA) nutritional status 
(poly-B-hydroxyalkanoic acid) or may reflect the population structure by quantitative 
analysis of different “signature” PLFAs.!6 Total carbohydrate using, for example, the 
Dubois phenol-H,SO, reaction, is commonly used to increase focus on ECM polymers 
which are predominantly carbohydrates (see Section VHI.C.2.). Other compounds 
analyzed include cell-wall components (lipopolysaccharide, muramic acid) but many of 
these vary with cell composition (see Part HI, Chapters 13 and 17). A variant of this 
approach is to specifically radiolabel various components such as DNA and carbohy- 
drates but care needs to be taken to label for a sufficient period to equilibrate the 
radiolabel in precursor metabolic pools to avoid underestimation, potentially a particular 
problem in thick mature complex biofilms (see Section VIII.C.2. and Chapter 16). 


2. Extracellular Matrix and CNS Slime 


Variants of wall-growth biofilm systems (Section VI.B) have been used to measure the 
proportion of ECM in CNS biofilms, a virulence factor. Most methods distinguishing 
ECM from bacterial cells do not completely discriminate between the two biofilm phases. 
Tsai and colleagues!*’ showed that toluidine blue (and safranin O) are solubilized by 
0.2 M NaOH (85°C for 1 h) from the ECM and cells of wall-growth biofilms in a 
standard batch culture after fixation with Carnoy’s fixative. The solubilized dyes can be 
quantified spectrophotometrically to yield an estimate of activity in slime production. 
Growth of CNS in a chemically-defined medium containing !4C-glucose leads to heavy 
labeling of the extracellular polysaccharide, a major component of the slime.®-® Van Pett 
and colleagues introduced dual radiolabeling of biofilms by *H-thymidine of bacterial 
DNA and '4C-glucose for ECM, respectively, a simple technique to quantify the extra- 
cellular matrix of different strains of S. epidermidis.!58 An immunochemical method 
targeted to a water-soluble ECM component has been developed to analyze the ECM of 
S. epidermidis.” 
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D. Viability 

Viable cells are those with the ability or potential ability to metabolize, grow and 
replicate. Bacteria can have a spectrum of increasingly slow metabolism and inactive 
states before permanent cell death. Different techniques discriminate at different points in 
this spectrum. There are basically three approaches: culture, differential staining and 
detection of metabolic activity. All have limitations. Total cell enumeration is required to 
establish percentage viability. 

Culture on solid media to establish colony forming units (cfu), or dilution in liquid 
media to estimate cfu by least probable number procedures requires complete dispersion 
of the samples with no destruction of bacteria, often impossible with biofilms, and is 
problematic with chain-forming bacteria, e.g., streptococci. With complex biofilm 
populations, slow growing bacteria may be overgrown on the plates by faster growing 
bacteria. Elective plates place a cultural window on a complex flora; those outside the 
window may greatly exceed those inside. Bacteria such as staphylococci can exist in a 
low activity metabolic state where they are killed by the “step-up” conditions of the rich 
culture media normally used.!4? Hence culture gives an underestimate of viability which 
may be substantial, e.g., cultured plaque biofilms from smooth tooth surfaces (exposed to 
saliva) show a rapid hundred-fold increase in cfu, due mainly to a viability increase.!° 

With intact biofilms, microscopy following staining by fluorescent dyes is now 
widely used (see Chapter 15). Techniques include staining all cells (e.g., ethidium 
bromide), staining viable cells by dye exclusion, or by a metabolic activity such as 
fluorescein diacetate hydrolysis, or using fluorescein (which cannot permeate intact 
cell membranes).!®* A nonfluorescent alternative is formazan production from 
1-iodonitrotetrazolium indicating a functioning electron transport chain.’° Biochemical 
methods of viability estimation include measurement of cellular ATP or adenylate 
charge, an index of the metabolic integrity of energy systems,!”° and short-term or pulse 
radiolabelling of cell-constituents such as DNA or protein (note caveats concerning 
metabolite pools—see Chapter 16). 


E. Whole Biofilm Activities 


Whole biofilms can be regarded as an entities, and their overall functioning measured. 
Approaches include using microelectrode or biosensor technology to measure 
appropriate activities, measurement of total activities or metabolic rates per unit of 
biomass, and use of bioreporters. 

Microelectrode and biosensor technologies can be used in two ways. If the sensor is an 
appropriate size, robust, stable, and difficulties of calibration of the response in the 
presence of the biofilm can be accommodated, the activity can be measured in the intact 
functioning biofilm, e.g., the studies of pH responses in microcosm plaques by Sissons 
and colleagues. !33:!35,140-142 Esophageal pH (Microelectrodes, Bedford, NH) and 
reference (Diamond-General Corporation, Ann Arbor, MI) electrodes provide a sensitive 
system which can function when installed in thick biofilms for at least 2 wk.!3> The 
major problem is drift due to the changes in reference electrode function. These studies 
have demonstrated direct formation of substantial pH dynamic intrabiofilm pH gradients 
in response to substrates like sucrose! or urea.!*° Stable electrodes, for such activities as 
temperature and redox potential, can be used directly or are increasingly converted into 
biosensors.'> The alternative to implanting electrodes long-term is to sample biofilms, 
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and measure activities such as pO, gradients away from the growth system, or by endpoint 
analysis of a sectioned, perhaps, fixed sample.!”° 

Measurement of quantitative rates of metabolic processes is a fundamental requirement 
for understanding the functioning of biofilms and computer modeling of their activities.** 
The activity of enzyme systems, and their response to changes in biofilm nutrients and 
other environmental conditions is of particular importance. An example of this approach 
is our studies of urease levels in microcosm dental plaques to examine their regulation by 
environmentally-supplied urea and ammonia. !?8 Metabolic fluxes are usually measured 
by pulse-labeling. Potential enzyme and metabolic systems for analysis are almost end- 
less but a focus on central metabolic process and enzymes is probably most productive. 
These processes include nutrient acquisition, energy metabolism, DNA, RNA and protein 
synthesis, biofilm defense, and activities of particular significance such as control of pH, 
elaboration of virulence factors, etc. 

A newer approach, if the bacterial composition of the biofilm can be controlled or at 
least manipulated (mainly Class I to III biofilms), is to directly monitor the activity of 
bacteria in the biofilm with natural or more usually, genetically engineered reporter 
activities,!> particularly useful if combined with CLSM (see Chapter 15). One common 
reporter includes the lux gene of the firefly luciferase, which requires O, for activity, a 
problem in thick biofilms. Another reporter is the gene for Green Fluorescent Protein 
from Aequorea victoria. 

Overall activities of importance relating to specific biofilms also include pathogenic 
mechanisms in human biofilms, substrata attack such as corrosion of metals, and effects 
distant from the biofilm caused by liberated biofilm products, or the biofilm providing a 
nidus for downstream infections, in fact, any activity which affects the health of a host or 
functioning system. Because these activities are highly specific to the particular biofilm 
system being studied, the approaches taken depend on the particular system, and the 
questions to be asked are usually evident to the investigator. These are outside the scope 
of this review. 


F. Analysis of Biofilm Population Abundance and Structure 


In biodiverse biofilms, issues such as pathogenicity usually relate more to shifts in the 
proportions of species, bacterial populations or communities already present rather than 
colonization by an exogenous pathogen.”!°7:!43 In highly biodiverse biofilm systems the 
experimental approaches are essentially the same as those used for whole microbial 
ecosystems. 


1. Low Biodiversity Biofilms 


If the biodiversity is low (Class I to III biofilms) techniques aimed at identifying single 
species of bacteria are directly applicable. These include: 1) Cultural analysis using either 
selective media (which are seldom completely specific) or elective media followed by 
isolation of usually 30 to 50 colonies, and identification of isolates using mainly commer- 
cial kits. The “Marsh” 10-species consortium dental plaque model system is an example 
of a powerful experimental approach using cultural analysis to study interrelationships 
among microbiota and made possible by selection of strains allowing a total cultural 
analysis of the microbiota.!°!!.°° 2) Identification frequently uses labeled antibodies, 
either monoclonal antibodies to specific epitopes, potentially varying among strains of 
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the same species, or polyclonal antibodies from various species which may need their 
specificity enhanced by pre-adsorption to bacterial species closely related to the target 
taxon and which might cross-react. Common labels are enzymes giving solid products, 
(e.g., peroxidase, phosphatase), fluorescent labels (e.g., fluoroscein isothiocyanate, as 
described in other chapters, especially Chapters 9 and 14) and for electron microscopy, 
electron-dense labels such as gold. Further details are described in Chapters 9 and 12. A 
range of molecular biology techniques are also used, principally, 1) polymerase chain 
reaction (PCR) techniques, usually with ribosomal DNA primers, and 2) DNA 
hybridization with labeled probes ranging from whole cell DNA to oligonucleotides. 
These become increasingly important as the biodiversity increases. In situ identification 
using labeled antibodies or DNA probes is particularly useful in delineating intermicrobial 
relationships in biofilms.3%130 

2. High Biodiversity Biofilms 

In Class IV and V biofilms with potentially hundreds to thousands of species present, 
analysis of population abundance can present considerable difficulty. In these systems, 
much of the microbiota may be unspeciated.’*!©° The boundaries between bacterial 
species, genus and higher taxa is uncertain, even defining what a microbial species consists 
of is uncertain. '47'°! This has led to nontaxonomic analyses using a variety of molecular 
biology and functional characterization techniques to examine structure, diversity and 
similarities of ecosystems and high biodiversity biofilms. None of the techniques are 
without theoretical limitations and practical difficulties. 

Conventional techniques usually are targeted against one or a limited selection of the 
flora present. For example, characterization of 50 colonies cultured on an elective medium 
from a biofilm such as dental plaque, containing possibly 500 cultivable species and 
perhaps as many again “not-yet-cultivable” species, identifies only relatively high 
abundance species (except for excluding high abundance “not-yet-cultivables”), 781461 
It does not yield a detailed or particularly accurate analysis of the microbiota. However, 
even simple analysis using selective media or antibodies may be useful as the changing 
abundance of just a few important species in these biofilms will reflect the overall biofilm 
response to environmental change. 


3. Molecular Biology Techniques 


There is a vast range of these techniques primarily involving different combinations of 
gene cloning, PCR amplification, and DNA:DNA hybridization and DNA sequencing. It 
is outside the scope of this review to describe them. Reviews include those of Stahl,4>-!47 
Torsvik,!54 and Fuhrman.“ Here we will outline some of the basic issues involved. 

There is still a lack of coherence between systematics and taxonomies based on cultural 
isolation and phenotypic speciation, and those based on DNA similarity (and RNA 
similarity) which measure phylogenetic relationship. Phenotypic speciation relates 
directly to ecological function, DNA-based taxonomic methods as yet do not. The 
boundaries delineating species, genus and higher orders of relationship are not agreed for 
both approaches. Hence DNA studies give phylogenetic species relationships distinct from 
current functional phenotypic assessment of relationships between species and the main 
reason for classification in these biofilms and ecosystems is to illuminate their 
functioning and ecology. 
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There are technical limitations and systematic bias with these techniques which need 
appropriate controls and interpretation. First is the difficulty of obtaining a representative 
sample of DNA from biofilms containing a wide variety of bacteria and viability states 
because differential breakage is likely to occur. There may be difficulties with 
interference from the substrata or the biofilm environment as contamination by impurities 
may affect the subsequent analysis. PCR amplification of different gene sequences is 
unequal, leading to bias which undermines abundance estimates based on amplified 
products. Hybridization stringency conditions depend on the melting temperature, in turn 
dependent on the GC ratio, and impurities, so that standardized conditions are needed 
with careful controls. Despite these limitations, molecular approaches have provided a 
powerful, widely-used diverse set of tools for the microbiologist studying biodiverse 
ecosystems. 

The most commonly used PCR techniques focus on appropriately conserved or vari- 
able regions of 16sRNA species. Specific functional genes are similarly studied and have 
a closer link to ecology. PCR is often an integral step in hybridization technologies using 
small probes based on specific genes. Several valuable techniques are based on whole 
genome DNA probes: analysis of renaturation kinetics to establish genome biodiversity; 
reciprocal whole ecosystem DNA hybridization to quantify the overall degree of DNA 
similarity (best for very similar or dissimilar communities); multiple probe analysis of 
membrane-bound ecosystem DNA (e.g., the “Checkerboard” hybridization procedure) 
and the converse, reverse sample genome probing (RSGP). “Checkerboard” DNA-DNA 
hybridization was developed for dental plaque analysis. '*° It hybridizes at high stringency, 
lanes of forty digoxigenin-labeled probes of bacterial species of interest at right angles 
across 28 lanes of denatured biofilm DNA plus two composite bacterial standards at 10° 
and 10° cells per lane. The sensitivity threshold (approx 104 cells) eliminates detection of 
minor cross-hybridizations although the specificity needs to be established for each probe. 
The resulting quantification of forty species is relatively precise, well controlled, and 
after probe preparation comparatively simple, quick and cheap. The RFLP RSGP tech- 
nique is similar except that the probes are membrane bound and dot-blot 
hybridization procedure is used. 


4. Phospholipid-Associated Fatty Acid Analysis (PLFA) 


A chemical technique for analyzing population structure is based on PLFA analysis by 
mass spectrometry, a technique established as a taxonomic tool based on the differences 
in the identity and proportion of PLFA in different species. A single PLFA analysis of 
a biofilm community, such as dental plaque, by comparisons with PLFA in known 
component species allows deconvolution into (currently) 11 groups of species.!'* Changes 
in nutrient supply to microcosm dental plaques have been analyzed by this procedure 
which has considerable potential as an alternative method for microbial population 
analysis independent of DNA analysis.!!> 


5. Nontaxonomic and Fingerprint Analysis of Community Population Structure 

Some DNA and RNA techniques do not relate directly to species composition but 
provide a characteristic pattern of the ecosystem DNA such as a gel banding pattern. 
Restriction fragment electrophoresis patterns, useful for monocultures and low bio- 
diversity systems, are too complicated with high biodiversity DNA with current 
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techniques. For low biodiversity biofilms, the low molecular weight RNA’s (5s riboso- 
mal and tRNA’s) provide a stable characteristic pattern. 

Denaturing gel gradient electrophoresis (DGGE) is based on regional melting point 
differences in DNA sequences as the DNA migrates into increasingly denaturing regions 
of the gel. DGGE analysis of PCR-amplified 16s rDNA fragments yields a rapid 
characterization of major species in the community (within the limitations of bias in am- 
plification and chimera formation) and the products can be isolated and sequenced. Both 
these techniques or even simple polyacrylamide gel electrophoresis can be combined with 
taxon-specific probes to estimate the phylogenetic distance of the ecosystem DNA from 
the probe DNA by detection of heteroduplex formation.*° 

The functional diversity of biofilm ecosystem behavior can be measured as the 
biofilm’s overall metabolic activities.!7* Measurement of microbial ecosystem metabolic 
profiles using Biolog plates (Biolog Inc., Hayward, CA) also developed originally as a 
microbial identification system, is a technique developed established in soil microbial 
ecosystems.*?>8!74 The metabolic capabilities of dispersed microbial communities on 
special microtitre plates containing 95 different substrates is assessed by the appearance 
of tetrazolium violet as a result of microbial electron transport activity. Subsequent clus- 
ter, principal component and community ordination analysis of overall similarity, allows 
comparisons of the “functional diversity” of whole microbial ecosystems. 


6. Community Structure 


Microbial communities are often vaguely defined and overlap with concepts of 
ecosystem, consortia, and populations. For the present purposes, communities are 
defined as specific assemblages of bacteria with direct structural and functional 
interrelationships. This definition is more general than the concept of consortia and, for 
example, would apply to both specific assemblages in single species biofilms or 
colonies*!°> and complex communities carrying out macromolecule metabolism. 
Evidence for communities in biofilms is mainly derived indirectly from identification of 
structural patterns or demonstration of specific coaggregation relationships between 
species. Use of CLSM with fluorescent probes or other noninvasive techniques for 
studying structure within the biofilm is essential for studying spatial relationships. 
Metabolic interrelationships of community members, such as food chains, also suggest 
that direct functional links exist. Criteria and techniques developed by Caldwell and 
colleagues in this difficult area of detection and analysis of community formation 
include concepts of self-organization (autopoesis), synergy, homeostasis and communality 
(see Chapter 10). Detection of discontinuities along environmental gradients with coordi- 
nate changes in species abundance (ecotomes) is major evidence for communality. 


IX. CONCLUDING REMARKS 


The field of biofilm research is developing rapidly. Use of laboratory biofilm culture 
systems with careful consideration of the key features of the natural situation being 
modeled, precise definition of experimental objectives, and appropriate technologies, 
yields exciting insights into relationships between humans and bacteria. Although the 
wide range of biofilm culture and analysis technologies available all have technical 
constraints which limit the validity of findings, they are a powerful set of tools to address 
some of the most important questions in microbiology. 
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I. INTRODUCTION 


Microbial organization within a biofilm community can be thought of as the product of 
species composition and spatial positioning of individuals within the biofilm matrix. 
Species composition within a microbial community, also referred to as community 
structure, determines the community’s overall genetic potential for survival and 
reproductive success under various environmental conditions. Spatial positioning allows 
individuals to interact physiologically and genetically. It also allows the creation of 
favorable microbial microenvironments within hostile macroenvironments. When a 
biofilm community is subjected to an environmental perturbation (e.g., an introduction of 
a pollutant or antimicrobial compound), continued reproductive success may be facili- 
tated by a process of reorganization consisting of changes in composition and spatial 
arrangement of individuals within the community. Thus, the structural and spatial organi- 
zation of a biofilm community, and its functional significance, should be a consideration 
when attempting to control or enhance the activities of biofilm communities in industrial 
or environmental settings. 

The analysis of biofilm organization has been limited by the inherent complexity and 
temporal variability found in natural ecosystems. Even in communities cultivated in 
laboratory model systems under defined culture conditions, the comprehensive in situ 
analysis and monitoring of structural and spatial organization may be hampered by 
conceptual and methodological limitations. Despite efforts to develop methodology which 
is suitable for the analysis of microbial communities, relatively few approaches 
(e.g., fluorescence in situ hybridization and fluorescent antibody techniques in conjunc- 
tion with epifluorescence or scanning confocal laser microscopy) are useful for the direct 
analysis of both structural and spatial organization within intact, fully-hydrated biofilm 
communities. New approaches include the insertion of various Green Fluorescent Protein 
(GFP)—variant genes into specific biofilm members, thus permitting the direct analysis 
of the abundance and distribution of these organisms within multispecies systems over 
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time. Other techniques involving fluorescent molecular probes such as fluor-conjugated 
lectins and dextrans are useful to elucidate the physicochemical heterogeneity (charge 
distribution, diffusion characteristics, exopolymer chemistry, etc.) within intact biofilm 
communities; however, they are limited in their ability to delineate the structural 
organization within these communities. Application of most other techniques requires 
that biofilms be removed from their substratum and disrupted, resulting in the destruction 
of spatial cellular arrangements (architecture) within the community being analyzed. 
Attempts to understand biofilm organization often fail if the functional significance of the 
structural and spatial organization within the community is not determined. Thus, in 
addition to summarizing techniques useful for the analysis of the microbial organization 
within intact and disrupted biofilm communities, this chapter also discusses techniques 
useful for the elucidation of microbial interactions and metabolic characteristics that in- 
fluence biofilm organization. 


II. BIOFILM ORGANIZATION 


A very brief summary of those events that influence the organization of biofilm 
communities is provided in this review. More information concerning the factors and 
events associated with biofilm formation can be found elsewhere. !*!3373738.47 

Abiotic events that precede surface colonization include the rapid formation of a 
preconditioning film composed of proteins, glycoproteins and inorganic nutrients on the 
attachment surface after immersion.*37° Microbial adhesion to preconditioned surfaces 
is then facilitated by van der Waals forces, electrostatic interactions and specific interac- 
tions or by a combination of these, depending on the proximity of the organism to the 
attachment surface.** Initial attachment is followed by a consolidation phase during which 
production of bacterial exopolysaccharides (EPS) results in a more stable attachment by 
forming organic bridges between the cells and the substratum.°? Subsequently, growth 
and multiplication of firmly attached primary colonizing organisms lead to the formation 
of microcolonies. Cells which are loosely attached may detach and these cells together 
with offspring of other sessile cells may recolonize previously uncolonized surfaces,** 
thereby extending the spatial boundaries of the biofilm. 

Interaction and networking of community members may indeed be the most important 
determinant of biofilm organization. Interactive behavior complements the functional 
capabilities of individuals,””:8588 thereby allowing microbial colonization of environments 
otherwise adverse or unfavorable. The sequence of colonization impacts the structure of a 
biofilm community, as the primary colonizers often predispose the surface environment for 
subsequent colonization by specific organisms. A good example is the successional events 
associated with the formation of dental plaque. Specific protein-protein or carbohydrate— 
protein molecular interactions between primary and secondary colonizers determine the 
pattern of bacterial colonization and succession within dental plaques,* as well as 
the patterns of coaggregation whereby specific pairs of bacteria closely interact.*:2>-78>7 
The events of coaggregation are highly specific. During the interaction between Prevotella 
intermedia and an Actinomyces species, coaggregation could occur only between specific 
strains of these two genera.>’ The enzymatic activities of early colonizers of the teeth 
surface, such as Streptococcus oralis, might also influence ecological succession.*! 

Sometimes, succession is mediated through modifications in the physical 
characteristics of the attachment surface by early colonizers. For example, development 
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of saucer shaped cavitations by the wearing-away of necrotic dentine on tooth surfaces 
previously formed by root lesion microflora favors the subsequent colonization by 
aciduric flora.” In the rumen ecosystem, the exopolymeric glycocalyx produced by 
primary colonizers has been shown to facilitate the attachment of secondary colonizers.*” 
The beneficial role of exopolymers has also been demonstrated in laboratory model 
systems. The colonization of Listeria monocytogenes on glass coverslips was enhanced 
by mixing the L. monocytogenes culture with an exopolymer producing strain of 
Pseudomonas fragi.© Thus, spatial organization within a biofilm community may be 
influenced by the specific order in which various bacteria colonize the surface. 

As biofilm development proceeds, attachment and detachment of cells continuously 
alter the biofilm community structure. This process optimizes cell-cell arrangements and 
interactions in response to changes in the physical or chemical environment, and may be 
thought of as a process of self-regulation. Notably, pure culture biofilms also often show 
a high degree of organization,*°*> suggesting that in addition to these biotic interactions, 
there are various other abiotic factors (e.g., characteristics of the attachment surface, 
physicochemical environment, etc.) which control the resultant biofilm architecture. 

The characteristics of the attachment surface are important determinants during biofilm 
formation. In general, materials that have low free surface energies and low negative 
surface charges favor the formation and stability of biofilms.8* However, variation in cell 
surface hydrophobicity and charge among various strains of microorganisms*? may 
actually translate into differences in their ability to attach to surfaces, thereby modulating 
the final organization of the biofilm community. The organization of the biofilm matrix is 
also influenced by the nature of the physicochemical environment, including the type, 
concentration and flux of nutrients, metabolites, or antimicrobial substances, as well as by 
gradients of pH, Eh or other factors.4>7-7°%6 

Overall, microbial organization within biofilm communities may be influenced by a 
number of factors, including: 1) the numbers and types of colonizing cells, 2) the 
characteristics of the bacterial cell and colonization surface, 3) the characteristics of the 
physicochemical environment, and 4) the nature and extent of microbial interactions 
(e.g., microbial succession, coaggregation). Structural and spatial reorganization in 
response to these factors enable biofilm communities to continuously optimize their 
reproductive success under both steady-state and changing environmental conditions. 
However, the factors which govern the formation of complex biofilm communities are 
poorly understood, and thus require further study. There is consequently an ongoing need 
to develop or refine techniques which permit the nondestructive study of these factors in 
real time. 


II. CULTIVATION OF BIOFILM COMMUNITIES 


The inherent complexity and temporal variability of the physicochemical environment 
found in natural ecosystems poses many challenges to the study of bacterial organization 
under in situ conditions.’ One solution to this problem is to allow biofilm communities to 
develop on artificial surfaces such as stainless steel“? under in situ conditions, and study 
them ex situ under laboratory conditions. In general, monitoring and analysis of these 
systems are less tedious if the biofilm communities are cultivated in the laboratory. 
Furthermore, interpretation of the organizational relationships is somewhat simplified 
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when these communities are cultivated using model systems under defined environmental 
conditions. Examples of typical model systems include flow cells,**8>°° dual-dilution 
continuous culture (DDCC),*! rototorque annular bioreactors>® and chemostats.? Detailed 
discussion of the principles and application of these and other systems can be found 
elsewhere.®:!° 

One advantage of flow cell culture is that it permits instantaneous changes in the flux 
and concentration of growth substrates. Secondly, biofilm formation occurs on a glass 
coverslip which facilitates the application of various forms of microscopy***4 including 
scanning confocal laser microscopy (CLSM) for the nondestructive analysis of 
fully-hydrated communities (discussed in the following section).*>8° DDCC allows 
independent dilution of attached and planktonic bacteria within a flowing system, and is 
therefore useful for correlating the behavioral or functional characteristics of a bacterium 
to surface colonization.*! Other systems such as rototorque annular bioreactors and 
chemostats can be fitted with removable coupons for analysis of biofilms. The design of 
rototorque annular bioreactors generally consists of two concentrically placed cylinders, 
one fixed and one rotatable, thereby allowing for the study of friction and shear effects on 
biofilm formation and organization. Angell et al.? used a chemostat to study the effect of 
biofilm formation on the corrosion of removable coupons. The chemostat was operated at 
a high dilution rate to select for bacteria adapted to sessile growth and was fed by three 
separate chemostats containing steady-state populations of Pseudomonas aeruginosa, 
Thiobacillus ferrooxidans and Desulfovibrio vulgaris. However, systems which involve 
the physical removal of beads (such as DDCC) or coupons for subsequent ex situ analysis 
may potentially introduce shear effects and hence change biofilm organization. 


IV. MONITORING ORGANIZATION 
WITHIN INTACT BIOFILM COMMUNITIES 


The initial stages of biofilm development can be examined by phase contrast 
microscopy.” Caldwell and Lawrence? used high magnification phase contrast 
microscopy (x100) to analyze the growth kinetics of Pseudomonas fluorescens 
microcolonies. Cell monolayers can readily be digitized and analyzed using phase con- 
trast microscopy in conjunction with digital image analysis. This approach, however, is 
not suitable for quantitative study of thicker or complex biofilms.’ The high contrast 
images and enhanced depth of field offered by low magnification darkfield microscopy 
also favor the analysis of bacterial adhesion and subsequent biofilm formation.*?*4 
However, a drawback of darkfield microscopy is that since each cell is represented as a 
point light source, cells appear larger than they are. Palmer and Caldwell®! used a 
combination of microscopic techniques, including low-magnification darkfield 
microscopy, to analyze the regrowth of plaque biofilms developed in flow cells. 
However, negative staining (a technique where fluorescein is applied to the bulk liquid 
solution®) used in conjunction with CLSM is often the most useful technique for the 
temporal analysis of the three-dimensional architecture of a biofilm community in its 
fully-hydrated state, since it provides optical thin sections of high contrast and resolution. 
A detailed discussion of the hardware, setup and operation of CLSM as well as 
application of image analysis techniques in conjunction with laser microscopy can be 
found in a recent review by Lawrence et al.*° 
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Figure 1. Confocal laser micrographs showing the architecture of biofilm communities 
cultivated using TSB (A) and sodium benzoate (B) as sole sources of carbon. Biofilms were 
negatively stained with fluorescein (fluorescence exclusion) which permitted visualization 
of bacteria as dark objects on a bright background. While XY images show the horizontal 
spatial distribution of cells, vertical (XZ) sections reveal the thickness and surface 
topography. The nontoxic nature of fluorescein also permits the analysis of temporal changes 
in spatial organization for the same biofilm community, without having to sacrifice a flow 
cell channel following each observation. 


Negative staining is based on the principle that the brightness of fluorescein is 
proportional to the pH of the liquid phase, and at an ambient pH greater than that of the 
intracellular pH, the cells appear as dark objects on a bright background. During most 
biofilm studies, a higher extracellular fluorescein concentration further contributes to the 
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Figure 2. Relationship between the recalcitrance of carbon substrate used in biofilm cultiva- 
tion and the ratio of biofilm thickness to surface coverage. A 2,4,6-T degrading biofilm 
community was cultivated using 15 substrates of varying degrees of chlorination and 
complexity. Higher thickness:area ratios obtained during cultivation using refractory 
substrates suggest that highly-organized spatial arrangements (such as cell clusters) may be 
required for the utilization of these substrates. 
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Figure 3. Correlation between published log,,,, coefficients for trichloroethylene, 
dichlorophenol, trichlorophenol, pentachlorophenol and 9-fluorenone, and the extent of 
biofilm development when the 2,4,6-T community was cultivated using these compounds. 
A high, negative correlation (R? = 0.82) suggests that higher partition coefficients may have 
led to higher intracellular accumulation of the test compounds, and consequent reduction in 
growth rates due to substrate toxicity. 
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Table 1. Responses of a Biofilm Community to Growth 
on Substrates of Varying Chemical Structure— 
Values Indicated Are Averages of 5 Replicate Measurements 


Compound % Biofilm area coverage Biofilm thickness (um) 
2,4,6-Trichlorobenzoic acid 50.84 6.40 
2,7-Dichloro 9-fluorenone 29.22 6.40 
Diphenyl anthracene 22.31 6.80 
Benzo(a)pyrene 10.54 5.10 
Pentachlorophenol 2.09 3.00 


bacteria appearing darker than the brighter background. The fully-hydrated nature of EPS 
commonly results in an almost equal fluorescein concentration within EPS when 
compared to the bulk fluid phase, thus EPS does not usually interfere with negative 
staining of bacteria. Negative staining is especially useful for the study of the initial stages 
of biofilm formation, although this technique can also be used to analyze subsequent 
attachment, recolonization, emigration, and immigration.®*° 

The nontoxic nature of fluorescein also permits real time analysis of temporal changes 
in the spatial organization of the same biofilm community, without having to sacrifice a 
flow cell channel following each observation. Figure 1 shows confocal laser micrographs 
of a biofilm community cultivated using a labile (tryptic soy broth) (A) and a refractory 
(sodium benzoate) (B) carbon source. The XY images are projections of 15 optodigital 
thin sections collected at 1 um increments from the attachment surface. A vertical section 
(XZ) reveals the thickness and surface topography of the same biofilm community. Other 
compounds, such as resazurin or fluor-dextran conjugates, may also be useful for 
negatively staining biofilm communities. Positive staining has also been extensively 
applied for the study of pure culture biofilms and biofilm communities. Acridine orange, 
Nile red, Texas red isothiocyanate (TRITC) and fluorescein isothiocyanate (FITC) can be 
used for this purpose.”768! 

Negative staining in conjunction with CLSM may also be used to provide data on 
biofilm area, thickness and biomass, all of which are necessary for understanding the 
effects which the physicochemical environment and biological interactions have on the 
formation and organization within biofilm communities. For example, digital image 
analysis of CLSM optodigital thin sections revealed varying responses (in terms of biofilm 
thickness and area coverage) of a degradative community to sole carbon sources having 
diverse chemical structure. Some examples are shown in Table 1. Substrates such as 
pentachlorophenol resulted in less biofilm thickness (~3.0 um), whereas more labile 
substrates such as 2,4,6-trichlorobenzoic acid (2,4,6-T) resulted in thicker biofilms (~6.4 um). 
This data also revealed a positive correlation between substrate recalcitrance and the ratio 
of biofilm thickness to percent area coverage (Fig. 2). When supplied with a labile carbon 
source, biofilm cells presumably did not rely on one another in order to metabolize the 
substrate. Under these circumstances, close positioning of cells would be a 
disadvantage as the cells would compete for carbon. Therefore, an even distribution of 
cells in biofilms cultivated on labile carbon sources is typically observed.5>85 When 
challenged with a refractory substrate, biofilms typically form tight clusters of cells 
separated by void spaces.>78° 
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Figure 4. Satellite effect showing the formation of satellite colonies of a benzoate-sensitive 
bacterial strain (P. fluorescens strain BS2) around a primary colony of a benzoate-degrader 
(P. fluorescens strain BD1). 


The chemical nature of these substrates, especially the octanol-water partition 
coefficient (o/w), was also found to influence the architecture of the resulting biofilms. In 
general, high inverse correlations were noted between published”? log, coefficients such 
as trichloroethylene (o/w = 2.29), dichlorophenol (3.30), trichlorophenol (4.05), 
pentachlorophenol (5.01) and 9-fluorenone (3.58), and the thickness (R? = 0.82) of 
biofilms formed by the 2,4,6-T community on these substrates (Fig. 3). A high, negative 
correlation between the log,,,, coefficient and biofilm thickness suggests that higher 
partition coefficients may have led to higher intracellular accumulations of the test 
compounds, and consequent reduction in growth rates due to substrate toxicity. 

In order to study the effect of various physical, chemical and biological factors on the 
structural and spatial organization of biofilm communities, it is necessary to determine 
the relative abundance of single species or groups of bacteria, and also track the fate of 
specific individuals over time. While negative staining in conjunction with CLSM serves 
as a nondestructive approach for the analysis of overall biofilm architecture, studies of 
structural and spatial organization (relative abundance and positioning of various bacteria) 
within intact biofilm communities can be best achieved by using a combination of either 
epifluorescence or CLSM and one or more fluorescently labeled oligonucleotide probes 
or antibodies targeted against specific community members. 

Oligonucleotide probes target gene sequences usually within conserved regions of 16S 
or 23S rRNA of individual species or broader taxonomic groups within the biofilm 
community.!445!,63.66 Fluorescence in situ hybridization (FISH), when applied in 
conjunction with CLSM, has been shown to provide valuable data on the three- 
dimensional distribution of specific organisms within biofilms.’ Furthermore, FISH 
provides meaningful inferences of the structure-function relationships within the micro- 
bial community when combined with microelectrode analyses!*“° of the physico-chemi- 
cal environment or with indicators of cell viability, growth or gene expression.*3>+72 
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Figure 5. Use of GFP to visualize spatial interactions between benzoate-degrading and 
benzoate-sensitive members of a biofilm community. This biofilm community shown was 
derived from a pristine soil inoculum and amended with a benzoate-degrading strain of 
P. fluorescens (BD1). Strain BD1 was previously labeled with GFP as a conservative 
fluorescent marker which permitted visualization of the spatial positioning of BD1 with 
respect to other members of the biofilm community. Note the formation of organized 
microcolonies consisting of central BD1 cells surrounded by other members of the biofilm 
community during growth on sodium benzoate. 


Schramm et al.’? used microelectrodes for O, and NO,/NO, and fluor-conjugated 16S 
rRNA targeted probes to determine the activity and spatial distribution of nitrifiers within 
a trickling filter biofilm community. Using these techniques, they showed that closer 
spatial positioning of Nitrosomonas sp. and Nitrobacter sp. facilitated the complete con- 
version of ammonia into nitrate. Moller et al.’ correlated the rRNA content and size of 
Pseudomonas putida cells within a toluene-degrading biofilter community to rates of 
toluene degradation. A 16S rRNA targeting probe was used to detect P. putida cells. 
Although the application of FISH does not destroy biofilm architecture, it results in cell 
death precluding the possibility of repeated analysis of the same biofilm. 

Fluorescent antibody probes have also proven valuable for the identification of target 
organisms from within complex microbial communities. Stewart et al.’® used 
fluorescently-labeled monoclonal antibodies to examine the spatial distribution of 
Klebsiella pneumoniae and P. aeruginosa within a binary biofilm system. Alternatively, 
immunogold labeling and fluorescein immunolabeling were used to visualize Legionella 
pneumophila within aquatic biofilms developed on glass and polystyrene surfaces.® 
Interference contrast microscopy was used in an episcopic mode for simultaneous 
visualization of the immunogold-labeled L. pneumophila as well as total biofilm. 
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More recently, bacteria tagged with the Green Fluorescent Protein (GFP) have seen 
application in biofilm studies. Organisms genetically tagged in this way may be identified 
by their green fluorescence (~514 nm) using CLSM or epifluorescence microscopy. This 
approach has seen usage for the study of structural and spatial organization within biofilm 
communities.’? The gfp gene, originally derived from the jellyfish Aequoria victoria,!' 
can easily be introduced into Gram-negative target strains using plasmid vectors.>4 
Cloning the gfp gene behind a promoter responsible for the expression of a specific 
functional gene can then be used to monitor in situ gene expression. Moller et al.54 used 
this approach in conjunction 16S rRNA oligonucleotide probes to examine fol gene 
expression by specific members of a mixed-species biofilm community. Tombolini et al.** 
demonstrated that gfp expression was independent of the growth stage of the bacterial 
strain used, and was detectable even under nutrient-limiting conditions. However, GFP 
fluorescence is oxygen-dependent” and thus may not be suitable for use in oxygen-limited 
or anaerobic systems. The main advantage of GFP is that it allows direct visualization of 
specific organisms without involving long staining procedures as required in FISH or 
fluorescent antibody techniques. It is also noteworthy that a number of GFP variants are 
now available (www.clontech.com) that have excitation or emission wavelengths different 
from that of the wild-type gene. Used in conjunction with a multi-line laser excitation 
source, multiple organisms may simultaneously be tracked within complex biofilm 
systems. 

We recently employed GFP as a cellular marker to examine the spatial organization of 
a biofilm community grown under different nutrient regimes. When biofilm communities 
cultivated in flow cells using tryptic soy broth (TSB) were plated on a minimal-salts 
medium containing 0.15% sodium benzoate as the sole carbon source, satellite colonies 
of benzoate-sensitive bacteria formed around colonies of benzoate-resistant primary 
colonies. An example of the satellite effect, involving a benzoate degrading strain of 
P. fluorescens (BD1) and a benzoate-sensitive satellite strain P. fluorescens (BS2) is 
shown in Figure 4. In order to understand the significance of similar protective spatial 
interactions during attached growth, a microbial inoculum obtained from a pristine soil 
environment was amended with the benzoate-degrading strain BD1 and cultivated as a 
biofilm community. Strain BD1 was previously labeled with GFP as a conservative 
fluorescent marker, permitting localization of BD1 within the biofilm community under 
different nutrient regimes. When the BD1-amended biofilm community was cultivated 
using TSB, the cells were randomly distributed. However, a substrate shift to sodium 
benzoate resulted in more organized microcolonies consisting of central BD1 cells 
surrounded by other members of the biofilm community (Fig. 5). Notably, the pristine 
community was unable to grow in flow cells without strain BD1. 

Fluorescent Gram stains have been used as group-specific probes to determine the 
spatial distribution of Gram-negative and Gram-positive organisms within biofilm 
communities. For example, Wolfaardt et al.8” applied a fluorescent gram stain to detect 
regions within a degradative biofilm community associated with a Bacillus coagulans 
strain. However, these and other fluorescently-labeled probes often result in the death of 
bound cells and hence are not suitable for continuous monitoring of the same biofilm 
community. 

In addition to the species-specific or group-specific probes described above, fluorescent 
probes are also available for the determination of the physicochemical heterogeneity of 
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biofilms in terms of exopolymer chemistry (fluor-conjugated lectins), charge distribution 
(fluor-conjugated anionic, cationic and neutral dextrans), diffusion (fluor-conjugated size- 
fractionated dextrans) and hydrogen ion distribution (carboxyfluorescein). 739-52-87 
Fluorescent probes are also available for evaluating the metabolic activity or viability of 
biofilm cells based on the cytoplasmic redox potential (resorufin), electron transport chain 
activity (cyanoditolyl-tetrazolium chloride) or cell membrane integrity (propidium iodide, 
ethidium bromide and BacLight™ viability stain). Recently, Korber et al.”? used the ability 
of bacteria to undergo plasmolysis as a physical indicator of viability. When subjected to 
an osmotic shock, only viable cells possessing an intact semipermeable membrane 
became plasmolyzed. A detailed discussion of the utility and limitations of these and 
other methods can be found in the recent reviews by Caldwell et al.8 and Lawrence et al.*° 
Overall, the information derived from application of fluorescent molecular probes will 
facilitate the elucidation of many structure—function relationships within biofilm 
communities. It should be noted that such approaches are best applied in combination 
with other analytical methods. 

Although scanning and transmission electron microscopy have been frequently applied 
in biofilm research, specimen preparation often results in shrinkage and dehydration 
artifacts that alter the biofilm spatial organization. For a more detailed discussion of 
different microscope systems utilized for biofilm research, including environmental 
scanning electron microscopy, episcopic differential interference contrast microscopy, 
Hoffman modulation contrast microscopy and atomic force microscopy, the reader is 
referred to a recent review by Surman et al.8° 


V. MONITORING METHODS THAT REQUIRE BIOFILM DISRUPTION 


Biofilm communities may also be removed from surfaces, homogenized by sonication, 
and subjected to various forms of analysis to elucidate the structural organization of the 
original community using culture-based or DNA-based detection methods. Traditional 
plating techniques are limited by the unknown species composition of natural systems 
that precludes the design of a plating medium capable of detecting all or most of the 
diversity present. Thus, the species composition of a community delineated in this manner 
represents the “culturable composition” of the community. However, there are several 
DNA-based techniques available for the determination of structure and diversity of 
microbial communities obtained from various environments. These techniques can also 
be applied to biofilm communities when the analysis of spatial organization is not of 
interest. For example, quantitative fluorescent oligonucleotide hybridization of biofilm 
cells smeared on glass slides can be performed and subsequently analyzed using 
epifluorescence or laser microscopy. This allows simultaneous detection and 
quantification of a specific organism within a biofilm community, but provides no 
information as to where those specific cells may have been physically located within the 
biofilm system. 

The presence of a specific organism, or a group of bacteria, within an environmental 
sample can also be detected by fixation of the DNA or RNA extracted from the sample to 
nylon or nitrocellulose membranes, followed by hybridization to an oligonucleotide probe 
containing a sequence complementary to a known target sequence. Probes are commonly 
labeled with **P-nucleotide analogs*+** as well as biotin- or digoxigenin-containing 
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analogs. Detection of hybridized probes usually involves colorimetric, bioluminescent or 
chemiluminescent reactions. Fluorescently-labeled probes can directly be detected using 
epifluorescence microscopy. 

Reverse sample genome probing (RSGP) has also been used to detect the presence of 
specific bacteria in environmental samples. RSGP involves spotting DNA obtained from 
a target organism onto a membrane filter, followed by the hybridization of labeled 
environmental bacteria. Shen et al.’> applied this technique to detect the enrichment of 
hydrocarbon-degrading bacteria in soil following the addition of easily degradable and 
refractory hydrocarbons. 

The polymerization chain reaction (PCR) can be applied to detect and amplify specific 
sequences present at a very low level within an environmental sample.’” Nested PCR 
entails a preliminary amplification step to amplify a larger gene sequence from the sample, 
and subsequent PCR reactions on the preliminary PCR products to amplify more specific 
sequences. For example, Hastings et al.” were able to successfully detect Nitrosospira 
16S rDNA in samples derived from a eutrophic freshwater lake using nested PCR. Most 
probable number-PCR (MPN-PCR) allows the quantification of specific gene sequences 
present in an environmental sample by serially diluting the whole-cell DNA or RNA 
extracts prior to the PCR reaction. Mantynen et al. applied this technique for the 
detection and enumeration of enterotoxin C-producing Staphylococcus aureus NCTC 
10655 from fresh cheese. This method was highly sensitive, and S. aureus numbers as 
low as 20 cfu/g could be detected. Degrange et al.!° similarly applied this method to 
quantify Nitrobacter sp. in coniferous forest soils. 

Restriction digestion of products obtained from PCR of repetitive genome sequences 
(REP-PCR)!7°8 or randomly amplified polymorphic DNA (RAPD) provides 
organism-specific restriction patterns which can be used to determine of community 
structure.>>+ Density-gradient gel electrophoresis (DGGE) of PCR amplified rDNA 
products can also be applied to resolve differences in community structure.!*°” Entire 
rDNA sequences can be amplified using PCR and sequenced to identify organisms within 
mixed microbial populations. This wide array of PCR techniques is yet to see extensive 
usage for community-level studies. 

Apart from nucleic acid sequence variations, differences in the phospholipid fatty acid 
(PLFA) content of microorganisms has seen use for the analysis of community structure. For 
example, Guezennec et al.!? used signature polar fatty acid profiles of biofilm communities 
obtained from hydrothermal vent areas to detect the presence of both sulfate-reducing and 
sulfur-oxidizing bacteria. Neef et al.°° also applied fatty acid analysis to detect the presence 
of Paracoccus sp. within a denitrifying sand filter used in waste-water treatment. Scholz and 
Boon’! used PLFA to analyze the effect of various light regimes on the structure of biofilm 
communities developing on wooden slides submerged in billabongs. Although fatty acid 
profiles are useful in comparing microbial communities,”! the potential of this approach for 
the elucidation of structural organization within a biofilm community may be limited by 
culture-dependent differences in the fatty acid content of community members. 


VI. MONITORING ORGANIZATIONAL RELATIONSHIPS 
OF FUNCTIONAL SIGNIFICANCE 


Structural and spatial organization within a biofilm community may best be interpreted 
when the organizational relationship can be correlated to a specific function of the 
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Figure 6. Restructuring of a biofilm community in response to a substrate shift from TSB to 
sodium benzoate. Bacterial adaptation to growth using sodium benzoate as sole carbon 
source was facilitated by this restructuring process. The number of various colony 
morphotypes that appeared when effluent collected from the flow cell was plated on tryptic 
soy agar was used to examine the process of restructuring. Note the appearance, disappear- 
ance, or stable maintenance of sets of organisms during this transition. 


community. As previously indicated, this can be achieved via a combination of structural 
gene probes to detect specific members, microelectrode analyses of the ambient environ- 
ment, or indicators of gene expression, such as GFP or bioluminescence. These methods 
used in combination often reveal the functional role of specific structural and spatial 
patterns detected within biofilm communities.535472 

Bacterial proliferation in various ecosystems almost always involves the association of 
different organisms for the creation of favorable microenvironments within unfavorable 
macroenvironments. Traditional plating techniques are sometimes sufficient to detect 
these functionally significant bacterial interactions. For example, the protective 
association between benzoate-resistant and benzoate-sensitive strains (Fig. 4) was 
detected by plating serial dilutions of a biofilm community on a minimal-salts agar 
containing benzoate as sole carbon source. When the plated cells were positioned 
sufficiently close together, cell-cell interactions resulted in the formation of satellite 
colonies of benzoate-sensitive bacteria around primary colonies of benzoate-degrading 
Pseudomonas strains. Thus, it may also be possible to detect similar functionally signifi- 
cant microbial interactions by plating biofilm communities on a medium designed to select 
for specific functional traits (e.g., pollutant degradation). 
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Another means of detecting functionally important microbial interactions within a 
biofilm community involves subjecting the community to environmental perturbations or 
shifts, and analyzing the changes in community structure (e.g., appearance or 
disappearance of sets of specific organisms). This approach is based on the assumption that 
if the organisms within a biofilm community function at the community level, an 
environmental shift should elicit coordinated responses among community members. The 
changes in community structure profile should then show sets of responses as 
opposed to members responding individually. Figure 6 illustrates the changes in the 
culturable structure (restructuring) of a biofilm community when subjected to a substrate 
shift from TSB to sodium benzoate. The process of community restructuring was 
monitored by using the number and types of various colony morphotypes that appeared 
when emigrants from the flow cell community were plated on tryptic soy agar. When two or 
more morphotypes appeared or disappeared as part of the culturable and detectable 
structure of the biofilm community following an environmental transition, it is possible that 
these organisms were involved in a synergistic or commensalistic association. These 
organisms may then be isolated and examined by cross streaking against each other on a 
selective medium to confirm whether the organisms were interacting, or whether they were 
just a group of independent organisms which happened to immigrate or emigrate 
simultaneously. 

Determination of community-level, sole carbon source (SCS) utilization patterns, in 
combination with multivariate data analysis, is a relatively new approach to elucidate 
overall functional capabilities of microbial communities. !>-?°77 Staddon et al.”” and Haack 
et al.?? used principle component analysis (PCA) to resolve sole-carbon utilization 
differences between soil microbial communities. Degens and Harris!» similarly used PCA 
to identify carbon substrates that differentiated five soil communities based on 
substrate-induced respiration profiles. The extent to which specific substrates were 
oxidized resulted in SCS utilization patterns allowing for the discrimination of different 
communities.” This approach may also help explain the evolution of functional 
relationships within biofilms, and thus contribute to our current understanding of the 
complex interactions which form the basis of co-existence in a communal context. 


VII. CONCLUDING REMARKS 


A variety of methods may be applied to determine the structure of microbial 
communities. Most techniques are limited in their application to analysis of biofilm 
communities because they often require the biofilm be disrupted to obtain homogenous 
material for analysis. However, application of fluorescent molecular probes to detect a 
specific organism or group of organisms can effectively be used to broaden our 
understanding of the in situ spatial organization within biofilm communities. Meaningful 
inferences on the significance of structural and spatial organization can only be made if 
the functional value of biofilm organization is determined. Thus techniques that combine 
the structural and spatial analysis of biofilm communities with their functional roles are 
preferred for biofilm research. 
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Nomenclature 
Ctx) concentration of planktonic bacteria at the adsorbing interface 
g doubling time 
k average growth rate constant (adsorbed bacteria) 
keff effective adsorption rate constant 
koff average desorption rate constant 
mn average adsorption rate constant 
kp average growth rate constant of planktonic bacteria 
L length from beginning of adsorbing surface to the viewing area 
N(t,x) number of cells per area as a function of time and position 
N, initial number of cells per viewing area at time zero 
PLA poly(lactic acid) 
POE poly(ortho ester) 
PSF polysulfone 
Rog rate of adsorption 
t time 
x spatial position 
(07 proportionality constant relating the bacterial concentration at the interface 


to the total cells desorbed into the volume of liquid in the flow cell 


I. INTRODUCTION 


The historical investigation of the role of bacteria in disease and infection has been to 
study the growth of planktonic bacteria and its response to various treatments. However, 
as more medical devices are used inside the human body, there is increasing concern 
about the pathogenesis of infections associated with the surface of the implant. This 
includes understanding the source of infection, the development into a biofilm, and the 
response of the infectious organism to medical treatment. Such surface-associated 
bacteria are a critical concern in medicine because they appear to be recalcitrant to the 
conventional antibiotic therapy that has been developed to target planktonic bacteria.”:!5 
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In most situations, the infection can be suppressed by antibiotic therapy, but it usually 
returns after the therapy is terminated; thus removal of the infected device is required to 
eliminate the infection. While many reports in the literature are concerned with events or 
chemistry leading to the initial adhesion event, it is the subsequent growth of the bacteria 
on the surface that leads to the symptoms of infection. Thus understanding and measuring 
growth rates on surfaces is an important aspect of understanding and controlling bacterial 
infections on implanted devices. 

Sessile, or surface-adherent bacteria differ greatly from their planktonic counter- 
parts. !9-!5.16.19 Various genes are repressed or promoted, leading to differences in protein 
expression, exopolysaccharide production, and metabolic rate. As in suspension, the 
metabolic rate of sessile bacteria appears to be a strong function of the growth 
conditions.!!!829.3! Van Loosdrect*! has reviewed the comparison of planktonic and 
sessile growth rates and found that some sessile bacteria grow at about the same rate as 
planktonic bacteria, while other sessile bacteria have a minor increase or decrease in 
growth rate. Since that publication, there have been other reports of increased!’ or 
decreased®”° growth rates of adherent bacteria. One complication of measuring bacterial 
growth is that many studies approximate surface growth by quantifying the amount of 
bacteria on the surface at various times after exposure to a suspension of bacteria.”*!77° 
However, they do not always distinguish between the bacteria that adsorbed from the 
suspension and those that multiplied on the surface after adsorption. In addition, the 
possibility of, or the measurement of desorption is often neglected. !* 

The purpose of this work is to develop mathematical models that include the adsorp- 
tion, desorption and growth of bacteria during early stages of colonization on a surface. 
When combined with good experimentation, these models give insight and allow 
regression of growth rates or adsorption rates of bacteria, thus allowing experimental 
studies of sessile growth rates as a function of the substrate and growth conditions. 
Following our development of the models, an example is presented in which experi- 
mental data was used to obtain the growth rates of three bacteria on three different 
medically important polymers. Hopefully such models and experiments will be valu- 
able in developing methods to understand and eventually resist bacterial colonization 
and growth on medical implants. 


Il. MATHEMATICAL MODELS 


This section describes the mathematical formulation of several models of the 
population of bacteria growing on surfaces, and the population when combined with 
desorption from the surface and adsorption to the surface from the planktonic bacteria 
adjacent to the surface. The models are arranged from simple to more complex, and there 
are some cases of simplification of the more complex models. 


A. Surface Growth Only 


This first model describes the surface population of bacteria when there is neither 
adsorption to nor desorption from the surface. The change in population is only due to cell 
growth (or death) on the surface. To develop this model, we will start with the following 
assumptions. 
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All cells are growing at a constant average rate. 

There is no lag phase in the growth. 

At an initial time (t = 0), the surface has a distribution of bacteria. 
The is no desorption or adsorption of cells. 


a e 


In experimental systems, cells on a surface have a distribution of growth and division 
rates. However if the population is large enough, the growth rate of the collection of cells 
on the entire surface or the cells within an observation can be represented by an average 
growth rate that can be determined from experimental measurements. We suggest that at 
least 30 cells be used to estimate an average growth rate. After an initial lag phase, 
constant growth rate is a fairly good assumption as long as the environmental conditions 
are constant (temperature, pH, nutrients, oxygen tension, etc.), and there is sufficient 
convection to prevent the buildup of inhibitory metabolic byproducts. 

Assumption 3 above simply states that there is a distribution of cells on the surface. 
The cells do not necessarily need to be in a uniform distribution, and in many cases, cell to 
cell interactions preclude uniform or random distributions.” However, these 
mathematics are valid for any initial distribution as long as the same area of surface is 
observed and compared throughout the experiment. We assume that within the area of 
observation at time ¢ there is M(t) number of cells per area, and this number changes with 
time. After a time increment Ar, the new population of cells is 


N(t+At) = N(t)+kN()At (1) 


where k is an average growth rate constant. Rearranging this equation and taking the limit 
as At goes to zero gives 


lim ( NCHAD- NO) =KNG) (2) 
At—>0 At 
or 
GN) GENO: 
dt 


Thus the rate of growth is proportional to the surface population. Integration of this 
equation from an initial time (t = 0) with N, bacteria present, to any observation at time t, 
gives the population 


N(t) = Noexp(kt). (4) 

A common term used in microbiology is g, the amount of time required for a 

population to double in size. Using this definition of g, the population as a function of 
time is given by 


N(t) = Ny 2% (5) 


If we equate Eqs. (4) and (5), we arrive at the relationship between the doubling time and 
the average growth rate constant: 


g = In2/k. (6) 
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Equations (4) and (5) give continuous models for the population of bacteria as a 
function of time. However, most lab measurements are discrete. If the interval between 
discrete observations is uniform, the population at the i” measurement after time zero is 
given by 


N, = No2idvs (7) 
or 
N; = No exp(ikAt) (8) 


where N; is the population after the i” time interval. Either of these equations models 
exponential growth on a surface when k > 0. These equations can also be used to model 
killing of bacteria on a surface, such as when antimicrobial agents are applied. In such a 
case, k < 0, and N would represent the population of living bacteria (i.e., dead bacteria 
remaining on the surface are not included in the population). 


B. Surface Growth and Desorption 


In this model, the growing cells are allowed to leave the surface, but no adsorption is 
allowed. Assumptions 1-3 in the previous model are applied, and the fourth assumption is 
replaced with the assumption that all bacteria have an equal probability of desorption. This 
latter assumption may not always be valid, since we have observed that following division, 
the newly formed cells have a higher probability of desorption. Meinders et al. have 
proposed that there is a time dependence to desorption such that the desorption 
probability decreases as the surface residence time increases.” In such a case, the koff 
would not be a time-invariant constant for each individual cell. However, since the 
population would have a distribution of individual values of kp, an average kop would 
remain constant because the cells are dividing at a constant average rate, producing a fairly 
stable distribution of individual values of koş. The variability in k, due to average versus 
individual k,can be reduced by selecting a viewing area with a large bacterial population. 

A consequence of our fourth assumption is that the rate of desorption is proportional to 
the surface population of bacteria. Thus after a discrete time interval, the new surface 
population is 


NGAH) = N)FKN(HDAL-K yg (OAL (9) 


where k,is the average desorption rate constant. Now Eqs. (2) — (4) become 





lim / N(t+At)-N()\ _ 7 oe 

al At ) ENCE) — kar NC) = (k = ky NCO) (10) 
INO _ 

dt =(k kg) NC) (11) 

N£) = No exp[(k-kop)t]. (12) 


The discretized form of the latter equation becomes 


Ni oa n — n[/g-kg/1n2)iAr] 
N = exp[(k —k,, )iAt] = 2 l ae 


o 


Bacterial Growth Rates on Polymers 193 


There exists a problem in estimation of koş from experimental data. Since k and Koy 
always appear together, a measurement of N as a function of time cannot give k and kop 
independently; thus one of these parameters will have to be measured independently. In 
our lab, we have measured k, independently by video microscopy coupled with image 
analysis.° In a large field of bacteria, the number of desorbing bacteria was averaged over 
time to get an estimate of kj 

Equations (12) and (13) show that, although the growth rate may be positive, if the 
desorption rate is greater than the growth rate, the population on the surface will decrease 
with time. Conversely, if (k — kw) > 0, the surface population will grow exponentially 
with time. However, in the lab we do not observe this runaway growth at long times for 
several reasons. Foremost, when the bacteria grow to the concentration of a multilayer 
biofilm, cells on the bottom of the biofilm eventually have less access to nutrients and 
oxygen, and their growth rate decreases, or even stops. In addition, these mature biofilms 
usually develop a nonuniform structure containing pores, channels, and clumps or mush- 
room-shaped structures of bacterial aggregates held together by an exopolysaccharide 
matrix.!>?33033 Because the convoluted surface presents an increased area available for 
desorption, and the desorption can occur as cell aggregates in addition to single cells, the 
desorption rate usually increases. Eventually a balance is reached between growth and 
desorption, and a quasi-steady state biofilm thickness is obtained. Modeling of the 
non-uniform growth rates and structures of mature biofilms is beyond the scope of this 
present analysis. 


C. Surface Growth with Adsorption 


The addition of an adsorption term greatly complicates the growth model because 
adsorption itself is such a complex phenomenon. For example, adsorption may occur from 
a planktonic suspension in which the population changes with position or time, or in 
which the flux or convection of bacteria to the surface is governed by geometry and fluid 
flow. Once a bacterium approaches within about a micron of the surface, then the 
probability of adsorption may be governed by fluid shear stresses, chemistry of the 
surface and bacterium, electrical charge of the surface and bacterium, and many other 
parameters. 1312-27 If we assume that for a given surface—bacterium pair, the probability of 
adsorption (or the rate of adsorption) is only a function of the concentration of the 
planktonic bacteria adjacent to the surface, the adsorption will be governed by a rate 
constant (k,n) and the flux of bacteria to the surface, or the concentration of bacteria 
presented to the surface. The bacterial flux has been modeled as a function of time and 
position for some flow geometries including rotating disks,*!°-*? radial flow chambers,” 17 
and other geometries.” 

The growth rate of the bacterial surface population is the sum of the growth of adherent 
bacteria and the addition of adsorbing bacteria, and is given by 


ae = KN(t,x) + kynCy(t,x) (14) 
t 

where C((t,x) is the concentration of planktonic bacteria at the interface and is a function 
of time and position. The solution to this equation is an integral equation that requires 
knowledge of C,(t,x) to solve for N(t,x): 
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NGE, X) = Nge” + kone” Crt xe dt. (15) 


If Ctx) is a complex function, this equation may be difficult to solve analytically; 
however, it may be solved numerically if the time and position dependence of C,(t,x) are 
known. Additional complications arise when the bacteria are suspended in a growth 
medium because the planktonic population has a growth rate constant k,, and thus C((1,x) 
will increase exponentially with time. This may be one of the reasons that many 
researchers resuspend their bacterial culture in buffer when studying the rate of 
adsorption.!7-7!,2629 However, resuspension in a non-nutrient solution may reduce the 
metabolic activity and profoundly impact the growth rate under investigation. One study 
found that the percentage of metabolically active cells on a surface was only 2% ina 
buffer, compared to 67% in a minimal growth media.”° 

There are some simplifying cases that give insight into the behavior of Eq. (15). First, 
if either k,,, or C,(t,x) is zero (no adsorption or no planktonic bacteria), then Eq. (15) 
reduces to Eq. (4). If C; is a constant (in time and position), then Eq. (15) reduces to 


kt 
Fonte” (4 — ot), (16) 


Nit) = Npe + 
A constant value of C; is usually a good assumption when the planktonic population is 
constant (as in a chemostat), the planktonic bacteria are not growing (as when 
resuspended in buffer), the planktonic concentration at the interface is very high 
compared to the adsorption (or desorption) rate, or when turbulent flow reduces any 
concentration boundary layer at the interface. If these conditions are not met, one should 
assume that C; is a function of time and position. 
If one assumes that N, = 0, Eq. (16) can be further reduced to the equation developed 
by Caldwell et al. to model adsorption and growth on surfaces.’ 13:22-24 


D. Surface Growth with Adsorption and Desorption 


The combination of growth, adsorption and desorption is not much more difficult to 
formulate mathematically; in Eq. (14) — (16), the growth constant k is replaced by k - kop 
For example, Eq. (15) becomes 


(k—-kogp yt (k-koff yt 


N(t,x) = Nye + kone [cre Oat. (17) 

In most experimental systems, growth, adsorption and desorption all occur 
simultaneously. This complicates the calculation of the value of C; because desorbing 
bacteria increase the bacterial concentration at the interface, and thus C; becomes a 
function of t, x, N(t,x), k, and koft- Even if the surface is flushed with buffer or saline to 
remove planktonic bacteria, any bacterial desorption occurring will create a concentration 
of planktonic bacteria at the interface that can subsequently adsorb. 

We have developed an experimental system that allows us to simplify Eq. (17) such that 
we can extract the average growth rate constant k, which is the primary objective of many 
of our studies of bacteria growth on medically important polymers. In these experiments, 
the surface is seeded with a partial layer of bacteria by flowing a bacterial culture over the 
surface for 1 h. Then a buffer is introduced to purge the flow system of planktonic 
bacteria. Finally a growth medium is passed over the surface so the adherent bacteria can 
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grow. This eliminates any planktonic bacteria flowing into the system. Although the 
incoming media has no bacteria, cells on the surface upstream from the viewing area 
desorb and flow downstream over the viewing area where they may adsorb. We assume 
that the desorption rate upstream is proportional to the surface concentration upstream, 
and that the desorption from all the area between the entrance and viewing area 
continually adds to and increases the local C; in the particular viewing area. Thus the local 
C; is proportional to N(t), kj and the length L between the beginning of the adsorbing 
surface and the local viewing area. Since the surface population (and thus the desorption 
rate) may vary along the length of the surface we must integrate along the length of the 
surface: 


Cy (t,x) = Of kop Nt, x)dx (18) 


where © is a proportionality constant relating the concentration at the interface to the total 
cells desorbed into the volume of liquid in the flow cell. We assume that the initial 
distribution of adsorbed cells is uniform, and that the growth, desorption and adsorption 
are fairly uniform along the length L, so that N is only a function of time. This assumption 
allows Eq. (18) to be integrated to 


Ctx) = AK yyN(t,x)L. (19) 


In this equation we retain the possibility that N may be a function of position as described 
in the next paragraph. 

Of the many assumptions in this model, the one subject to the most scrutiny is that the 
initial distribution of adsorbed cells is uniform. Obviously if the initial deposition of cells is 
similar throughout the flow cell, this assumption is valid. However, models of initial 
adsorption show that the flux of bacteria to a surface in a laminar flow chamber is not 
uniform, and increased deposition would be expected near the entrance to the flow 
chamber.!7> Even in this or another situation of nonuniform initial deposition, there is an 
initial proportionality between the surface concentration upstream and the surface 
concentration in the viewing area; and if populations in both areas grow exponentially with 
the same rate constant, the ratio or proportionality of the two populations remains constant. 
Such a case would simply introduce another proportionality constant in Eq. (19) that could 
be combined with the constant œ; and thus the form of Eq. (19) would still be valid. 

The adsorption rate, R,,, is the product of the adsorption rate constant and C; and can 
be related to an effective adsorption rate constant, kep, and the surface population by 


Ron = konC (Xx) = OkonkogN(Gx)L = kop N(x) (20) 


The total bacterial accumulation in one viewing field is the sum of the growth, 
desorption and adsorption, 


cara = ENGR) = Reg) Reg NE), = 


and the integrated form of this equation is 
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NG x) _ kop tke) (22) 
No 


Since k, kop and kp all appear together in this equation, one cannot regress all three 
parameters simultaneously from the same data set. In our lab, we make measurements of 
the adsorption and desorption rates to obtain the latter two parameters, and then regress 
the value of k. Similarly, independent measurement of any two parameters will allow the 
regression of the third from a set of data. Eq. (22) was used to estimate the growth rate of 
bacteria on medically relevant polymers as described below. 


I. METHODS AND MATERIALS 


A. Bacteria Preparation 


The day prior to the experiment, tryptic soy broth (TSB) without dextrose was 
inoculated with a colony of P. aeruginosa (GNRNF-Ps-1), S. epidermidis (ATCC 12228) 
or E. coli (ATCC 10798) and incubated for 16 h at 37°C. One mL of the overnight culture 
was pipetted into 100 mL of TSB, and the new culture was incubated 6 h at 37°C. 


B. Polymer Preparation and Characterization 


Polyorthoester (POE, mol wt of 82,000) was obtained from the lab of Dr. A. U. Daniels 
at the University of Utah. Poly(t-lactic acid) (PLA) was obtained from Boehringer- 
Ingelheim. The polysulfone (PSF) was obtained from Amoco (Udel™, Naperville, IL). 
Glass slides were cleaned and primed by dipping in a 1% solution of aminopropyl- 
triethoxysilane as described previously.'* These slides were then dipped in a 1% solution 
of POE, PLA, or PSF in methylene chloride and dried for 48 h in a vacuum oven at 70°C 
and 21 kPa absolute pressure. Microscopic analysis of the polymer coatings verified that 
they had smooth and homogeneous surfaces. The surface composition was determined 
using X-ray photoelectron spectroscopy (XPS) on a Hewlett Packard 5950 XPS and is 
described elsewhere.” The surface energies of the polymers and bacteria, as well as the 
free energies of bacterial adhesion were presented previously.> 


C. Flow Cell with Video Microscope 


Bacterial adhesion was monitored in a flow cell mounted to an Olympus BH-2 
microscope equipped with a Sony video camera. The flow cell consisted of a Lexan base 
plate that was milled out to form a shallow flow chamber and had an inlet and exit 
made from stainless steel tubing. A polymer-coated cover slip was clamped on top of the 
base plate to seal the flow cell without the use of a gasket. In these experiments the flow 
rate was 0.81 mL/min which produced a wall shear rate of 1.91 s"!. In these creeping flow 
conditions, shear induced stripping of the cells from the surface is minimal, if not 
non-existent.!7 

The microscope was mounted on its side with the barrel horizontal, and the flow cell 
was positioned with the flow direction vertical. The polymer surface was viewed at a 
magnification of X1000 which provided a 100 um x 80 um viewing area. The video 
camera was connected to an 8 mm video recorder and a color monitor, allowing 
continuous monitoring and recording of the positions of the bacteria on the cover slip 
surface. The bacterial suspension, valves, flow cell, and microscope were maintained at 
37°C in a thermostatic chamber. 
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Table 1. Theoretical and Experimental Polymer Composition 








Theoretical composition (%) XPS analysis (%) 
Polymer Carbon Oxygen Sulfur Carbon Oxygen Sulfur Silicon 
PLA 60 40 0 63 36 0 1 
PSF 84 13 3 90 9 1 1 


POE 75 25 0 76 23 0 1 


D. Growth Procedure 


The following experimental procedure was designed to meet the conditions and 
assumptions that make Eq. (22) valid. At the beginning of the adhesion experiment, a 
prerinse of 3 mL of phosphate-buffered saline (PBS) was pumped into the flow cell. Then 
the 6-h culture was pumped continuously through the flow cell for 1 h. Next, the flow cell 
was rinsed with 3 mL of PBS to clear out any planktonic bacteria. Then fresh TSB flowed 
continuously through the flow cell for 2 h. During this growth phase of the experiment, 
the video microscope system continuously recorded the development of the bacterial 
colonies on the substrates. 

The video tapes were analyzed, and the total number of bacteria adhering to the 
polymer substrate was counted at 15 min time increments. In addition, the numbers of 
bacteria leaving the view area, as well as the number of newly adhering bacteria, were 
recorded during each time period. The average desorption rate and adsorption rate were 
determined in each time period, and the k, and k,~- were calculated for each time period 
by diving the rates by the total number of cells at the beginning of the time period 
(see Eq. [20]). The growth rate constant was regressed from Eq. (22) by a nonlinear 
least-squares fit of the data.* 

The growth rate of the bacteria in planktonic suspension in TSB was measured by 
making a 1:1000 dilution of an overnight culture into TSB in test tubes, and then 
measuring the planktonic concentration at 1 h intervals. For all species, a log-linear 
growth rate was preceded by a lag phase and followed by a stationary phase (data not 
shown). Equation (4) was applied to the planktonic concentration during the log-linear 
growth phase from which the planktonic growth rate constant was regressed. 


IV. RESULTS 


A. Polymer Characterization 

Observation of the polymer films under a microscope showed that the coatings were 
smooth and continuous. The XPS analysis of the polymers closely matched the 
theoretical composition as shown in Table 1, indicating that the polymers were clean. 
Because a silane coupling agent was used to anchor the polymers to the glass, the 
presence of a small amount of silicon was not unexpected. 


B. Bacterial Growth 


Figure 1 presents the averages (n = 4) and standard deviations of the surface 
populations on POE. The solid lines are the best fit of Eq. (22) to the data. The growth 
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Table 2. Rate Constants 


koff (min!) keff (min!) k (min!) 
Bacteria/polymer x1000 x1000 x1000 g (min) 
P. aeruginosa 
PLA T520” 3.81.0 13.6+ 2.1 SELENI 
PSF 12+ 2.8 4.3 41.2 15.5: 2.5 44.6£7.0 
POE 1443.4 6.6 + 2.7 18.9 + 3.3 36.7 + 6.3 
Planktonic N/A N/A 22.4 + 3.0 30.9 + 4.1 
E. coli 
PLA 9.2+9.3 1.9+3.1 18:2 +8,9 38.1 + 15.6 
PSF 11412 0.7 + 1.6 20.8 + 11.2 33.4 + 14.6 
POE 5.6+4.7° 2445.1 19.7+5.5 35.2 + 9.2 
Planktonic N/A N/A SLT EST 21.9 £3.8 
S. epidermidis 
PLA 2941.8 1.11.4 13:94+1:9 49.9 + 6.8 
PSF 2.4 + 0.8} 1.1 + 0.4 11.8 + 0.8 58.9 + 3.9 
POE 1.8+0.5° SLES 9.81.4 70.5 + 9.8 
Planktonic N/A N/A 18.2 43.3 38.1 46.7 


“ Mean and 95% confidence interval for 4 replicates (n = 4) 
Pn = 8 in these experiments 


kinetics on the other polymers were similar, all showing an exponential increase with 
time. Values of k, and kep were determined directly from the video observations and 
are presented in Table 2. Using these values and the surface population data, the 
average surface growth rate constants were regressed. The doubling time (g) was 
calculated from k using Eq. (6). The 95% confidence intervals of kop and kep were 
determined using Student’s t test for small sample sizes. The 95% ne a intervals 
for k and g were determined by the partial differential method of propagation of error 
using the average adsorption and desorption rate constants and their variances. 

There were no significant differences (p > 0.05) in the growth rate constants for E. coli 
on the various polymers; nor were they significantly different from the planktonic growth 
rate constants. However, for P. aeruginosa, the k for growth on PLA was significantly 
smaller (p < 0.05) than for growth on POE or the growth in suspension. For S. epidermidis, 
the k for growth on POE was significantly smaller than for growth on PLA or the growth in 
suspension. Four additional repeats of this experiment verified such a small growth rate. 

Figure 2 compares the growth rate constants of the adhering bacteria to the values of k 
of planktonic bacteria. Although the constants are less than those of the planktonic 
bacteria, the differences are statistically significant only as mentioned above and shown 
in the figure. 


V. DISCUSSION 


The mathematical formulation of the increase in the surface population of bacteria can 
be very complex, particularly if the adsorption of bacteria occurs from an interfacial 
concentration that changes with time and position, which is usually the case in laminar 
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flow, or if the bacteria are growing in a nutrient solution. Determination of a surface 
growth rate can be a difficult task in such a case, and a nutrient solution is required if one 
wants to obtain surface growth rates representative of clinical or industrial situations 
where nutrients are present. We have shown that flushing the flow system of planktonic 
bacteria, followed by perfusing a nutrient medium (initially without bacteria), leads to 
surface populations that follow very closely an exponential increase with time (Fig. 1), as 
predicted by Eq. (22). Furthermore, by an independent measurement of the desorption 
rate constant, koff and the effective adsorption rate constant, kefe one can unambiguously 
regress an average growth rate constant. Using this technique, the surface growth rate can 
be studied as a function of temperature, pH, limiting nutrients, substrate composition, 
adsorbed proteins, and many other parameters pertaining to the growth of bacteria on 
surfaces. The experiments are fairly simple to perform, requiring a simple flow cell, video 
microscopy equipment, and image analysis software. 

The data presented above show that the average growth rate constants have relatively 
narrow 95% confidence intervals, despite the fairly large confidence intervals for the kop 
and ką This occurs because in the TSB solution, the increase in surface population due to 
growth is much greater than the adsorption or desorption rates. If the experiments were 
done using less nutrient, or employing a limiting nutrient, the growth rate would be less, 
and the confidence intervals of k would probably be larger. 

It is interesting that none of the growth rate constants on the surface are larger than the 
growth rate constants for the planktonic bacteria. All of the surface growth rate constants are of 
the same order of magnitude as the planktonic constants, indicating that even though adsorption 
reduces the growth rate of P. aeruginosa and S. epidermidis on some polymers, this is not a 
drastic reduction, at least on these experiments which are not nutrient limited or in which thick 
biofilms have not yet formed. Habash et al. reported that P. aeruginosa growing on silicone 
rubber under minimal growth conditions had a growth rate constant about one third of the 
values reported herein for P. aeruginosa.”° As nutrients become limited, or as the bacteria 
become more crowded, such a reduction in growth rate would be expected. Malone and 
Caldwell also reported a growth rate constant of P. aeruginosa on glass and in suspension that 
was about one half of the values reported herein.” 

The experimental model presented in this example is much simpler than an in vivo 
situation in which the colonizing bacteria would be bathed in blood or interstitial fluid, 
instead of nutrient-rich TSB; thus the measured growth rates are different than one would 
expect for growth in a clinical infection. Although we only studied monocultures in this 
work, clinical infections are often polymicrobial. This technique could be extended to 
study the interactions of multiple species as long as each could be identified by the video 
microscopy and image analysis system. 


VI. CONCLUSIONS 


These results demonstrate that the polymer surface does have a significant impact on 
bacterial growth, and these differences can be quantified under varying growth 
conditions. Thus this technique can be used to study the growth rates of bacteria on 
surfaces of medical or industrial significance during the initial stages of biofilm 
development. 

The mathematical models presented above show that the bacterial population on a 
surface is determined by the concentration of planktonic bacteria at the interface (or flux 
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of bacteria to the surface), and the rate constants for growth, desorption and adsorption. If 
these parameters are known, the surface population can be predicted as a function of time. 
The equations modeling surface population are fairly complex, but can be simplified to 
match experiments done in which the surface is seeded with bacteria, and then the 
planktonic bacteria are flushed out of the system. Even in such a case it is difficult to 
regress the rate constants from surface population alone, but if the desorption rate 
constant and the effective adsorption rate constant are measured independently, the growth 
rate constant can be obtained. 

The mathematical model from which the growth rates are calculated is based upon 
several assumptions, some of which may fail under certain circumstances. However, the 
shortcomings of the model are minimized by selecting a video observation area away 
from the flow cell entrance, and by making the observation area large enough to view at 
least 30 bacteria. 
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I. INTRODUCTION 


A. Rationale for Exploring Gene Expression in Sessile Populations 


Microbial processes that are of economic, medical, dental or environmental conse- 
quence occur with the organisms immobilized on a surface. Early studies with in vitro 
grown biofilms demonstrated that the phenotypic properties of adherent organisms 
differed from their planktonic counterparts.’ These results are now being reinforced by 
new studies that are using a wide variety of bacterial species and novel methods. It is also 
becoming apparent that the phenotypic changes seen with adherent organisms, as with 
suspended populations, are due to sensing by the organisms of environmental stimuli 
which signal changes in the patterns of expression of particular genes. In some cases, the 
organisms appear to sense binding to the surface, as in the case of Escherichia coli or 
Pseudomonas aeruginosa.®!4 More commonly, local environmental conditions arising as 
a result of mass transport limitations, synergistic and antagonistic activities of biofilm 
bacteria, intercellular signaling and so forth, may induce bacteria to modulate expression 
of genes differently than suspended populations growing under very similar conditions.” 
Clearly, if a comprehensive view of the characteristics of adherent populations is to be 
developed, it will be essential to incorporate a thorough understanding of 1) how gene 
expression differs between suspended and sessile organisms, 2) what, if any, genetic 
control circuits are peculiar to biofilm growth, and 3) how global and/or biofilm specific 
genetic circuits crosstalk with one another in adherent bacteria. 

Direct biochemical measurements of the activity or abundance of gene products is often 
sufficient to monitor gene expression in biofilm populations. However, not all gene 
products are readily assayable and frequently such measurements are not adequately 
sensitive or readily adaptable to kinetic studies in adherent populations. Difficulties can 
also arise in accurately comparing gene expression in adherent cells with suspended 
samples because of potentially significant differences in half-lives of components in 
biofilms versus planktonic cells. This is especially relevant if the gene product is secreted 
to, or beyond, the cell surface. Quantitative data about gene expression has been obtained 
by hybridization with fluorescently labeled oligonucleotides,!° but an appropriately 
equipped microscope is required and some method to permeabilize the biofilm cells to the 
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probes is needed. A number of investigators have circumvented these and other short- 
comings of direct measurements with the use of reporter gene fusions to explore gene 
regulation in biofilm bacteria. A major advantage of this technique is that real time, 
continuous monitoring of gene expression can be achieved in biofilm chambers which 
can be mounted for microscopy. Some examples of the application of this technique 
include the use of operon fusions to a chloramphenicol acetyltransferase (cat) gene to 
show that the expression of the major polysaccharide synthase enzymes of the pathogenic 
bacterium, Streptococcus mutans, were different in attached bacteria compared with cells 
in suspension. Davies et al. used a LacZ gene fusion to the promoter of a gene (algC) 
involved in alginate production in P. aeruginosa to show that contact with surfaces 
stimulated transcription of the alginate genes, consistent with the finding that alginate 
production increases in adherent P. aeruginosa. Recently, random mutagenesis has been 
used to disclose genes necessary for stable biofilm formation in Pseudomonas 
fluorescence and such strategies may be useful for getting strains of other species which 
are similarly deficient in surface growth.!! Logical experiments to follow the 
identification of “biofilm-specific” genes will undoubtedly involve exploring the differ- 
ences in expression of these genes when cells are planktonic versus sessile. The ability to 
monitor gene expression in adherent populations will be vital component of efforts to 
understand the molecular basis for the so-called biofilm phenotype. This chapter details 
some methods and considerations for examining gene expression in adherent bacteria. 


II. METHODS 
A. Closed vs Open Systems 


A primary concern in designing and implementing studies of gene expression in 
adherent organisms is the selection of the model system. In many cases, the system to be 
used is dictated by placing priority on attempting to mimic the natural environment of the 
organisms, with nutrient concentrations and flow rates adjusted to that which is typical of 
the situation being evaluated. However, approaches to contrasting sessile and planktonic 
gene expression have also been driven by a desire to introduce the maximum level of 
control over the environment of the organisms and to create, in so far as one can, 
conditions in which the only major difference is that one population is adherent. In both 
cases, the use of open systems, such as chemostats, continuous flow bioreactors, or flow 
cells, should be favored over closed systems. While closed systems, including microtiter 
plates and batch grown biofilms, have many valid applications, such as antimicrobial 
testing and mutant screening, the inability to control factors such as growth rates, nutrient 
availability, growth domain, and pH results in the introduction of many confounding 
variables into the experimental system. While one cannot exercise complete control over 
biofilm populations in open systems, one can minimize variation from run to run while 
having more flexibility than can be achieved in closed systems. 


B. Control of Biofilm Physiology 


Batch cultivation systems, which are closed systems, have many advantages over 
continuous flow systems. They provide higher throughput, and they generally do not 
require substantial capital investments, as do some continuous flow systems. There are 
also batch systems, particularly those in which the organisms grow over a narrow period 
of time, that are very useful in analysis of gene expression. 
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Continuous chemostat culture affords a very high level of control over the physiologic 
state of cells. At steady-state, the specific growth rate is directly related to the dilution rate, 
so control of growth rate and domain are easily achieved. Modulation of pH, oxygen 
tension, and limiting nutrient is also straightforward. Biofilm model systems based on 
chemostats into which a suitable substratum is inserted for bacterial growth are probably 
the systems which allow for the closest approximation of the control that can be achieved 
in a single stage chemostat. Functionally similar reactors, like the Rototorque,° while not 
quite as flexible as a chemostat system with respect to the insertion of pH and O, probes, 
are also a fairly close approximation of the chemostat. I have discussed considerations 
related to growth parameters in continuous flow reactors elsewhere, so details and 
equations will not be reviewed here. The main difference between chemostats and 
continuous flow bioreactors, in terms of monitoring gene expression, is that the popula- 
tions on the surface are not homogeneous, as they are at steady state in a chemostat. Con- 
sequently, interpretations of the data need to account for the fact that subpopulations that 
differ dramatically from the bulk of the population may influence the data to a great extent. 


C. Use of Reporter Genes: Considerations 


There are a handful of reporter genes available for the study of bacterial gene 
expression. The one most commonly used is the E. coli lacZ gene, which is simple to 
assay with a variety of relatively inexpensive colorigenic and fluorescent substrates 
available. Consequently, LacZ activity can be measured by traditional biochemical 
methods in dispersed biofilms or in situ using fluorescent or confocal laser scanning 
microscopy (CLSM). Based on our experiences and the experience of others, there are 
two major drawbacks with using LacZ. The first is that the enzyme loses activity rapidly 
as the pH falls below neutrality. In the streptococci, which allow their intracellular pH to 
fluctuate, use of LacZ is largely prohibited at pH values around 5.5 and below. In bacteria 
which maintain a cytoplasmic pH near neutrality, low pH inactivation of the enzyme may 
not be as serious a concern, but caution is warranted in studies where cells may be exposed 
to acid stresses. The second potential problem with LacZ is that the enzyme is fairly 
stable, so down-regulation of the promoter to which lacZ is fused may not be readily 
detectable. CAT (chloramphenicol transferase) has also been used effectively to monitor 
transcriptional activity in a wide range of organisms and in biofilm bacteria. Although 
assay of CAT is not as easy or inexpensive as LacZ, and the fluorescent substrates for 
CAT are not able to penetrate cells, we have empirically determined that CAT may have 
advantages for biofilm study. First, CAT seems fairly stable in cells growing at pH values 
between 7.5 and 4.0. Also, we found that CAT, at least in a number of streptococci, has a 
short half-life, so measuring CAT activity yields a very consistent picture of transcription 
and steady state mRNA levels. 

Three other reporter genes which are readily adaptable to biofilm study include green 
fluorescent protein (GFP), luciferase, and B-glucuronidase. GFP has the advantage that 
no substrate need be provided, but it is not yet clear how reliable GFP would be in the 
oxygen restricted conditions that may develop in deep biofilms. The enzyme B-glucuronidase 
should in theory be similar to LacZ in terms of its applications, but there is not much data 
available on its utility in biofilm studies. Luciferase may also have advantages and spe- 
cific applications, but the coupling of fluorescence to energy expenditure by cells may 
limit its utility. 
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D. Collection of Cells 


Other chapters in this volume deal in greater detail with the specifics of methods to 
remove biofilms from different substrata, and the most appropriate method will need to be 
determined largely based on the type of biofilms and the sensitivity of the organisms to 
disruption during the removal process. We have worked mostly with oral streptococci, 
which are resistant to prolonged sonication and osmotic shock, so rather harsh methods 
are suitable. Conversely, organisms which are more readily lysed may need to be removed 
with gentle means if leakage of reporter enzyme is to be prevented during the cell 
collection phase. 


E. Sample Preparation 


Intercellular interactions seem to significantly contribute to the stability of biofilms, 
but the tendency of bacteria to coadhere and coaggregate can interfere with accurate 
measurement of reporter activity, particularly if complete disruption of the cells is not 
part of the assay procedure. For example, measurement of LacZ activity in biofilm cells 
can be achieved by dispersing the cells with mild sonication or vortexing in the presence 
of glass beads (1/3—1/2 volume of glass beads, 0.1 mm diameter) followed by toluene or 
toluene:acetone (1:9) permeabilization. If aggregates are not fully dispersed, diffusion of 
substrate to cells can be restricted, yielding apparently lower activity. Dispersal of 
aggregates should be monitored by phase contrast microscopy and can be accompanied 
by spectrophotometric measurement of the supernatant fluid at A, ,) to ensure that 
dispersal is not causing substantial cell disruption. 


F. Disruption of Cells 


Heating or creation of significant gas—liquid interfacial areas during the disruption 
process can cause rapid loss of enzymatic activity. Great care should be exercised not 
only in reducing the possibility that enzymes will be denatured and inactivated during 
the disruption process, but also in monitoring the empirical determination of the stabil- 
ity after disruption. The latter is recommended because a significant portion of the 
material that is collected as a biofilm is extracellular material, which may be rich in 
proteolytic or inhibitory activities. Also noteworthy is that if there is little information 
about the potential for inhibition of the enzyme to be measured by biofilm components, 
it is worthwhile constructing a system in which the biofilms are grown, usually of the 
parent organism without the gene fusion, and processed as desired. Then, the prepara- 
tions can be “spiked” with known quantities of enzymatic activities to determine if 
inhibition or proteolysis is occurring. If rapid loss of activity is observed, processes 
such as treatment of the extracts using protease inhibitors or dialysis can be tried to 
remove the inhibitory activity. 

The preferred method of disruption of bacteria in our laboratory is homogenization in 
the presence of glass beads using a Bead Beater™ (Biospec Products). This process is 
rapid, little air is introduced during the procedure, and intermittent cooling insures the 
preservation of enzyme activity. Below is the method we have used for oral streptococci 
in the preparation of cell free lysates for assay of CAT. 
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1. Biofilms are removed by scraping into 35—40 mL of 10 mM Tris-HCl, pH 7.8, and collected 
by centrifugation at 5000 rpm in a Sorvall centrifuge equipped with an SS34 rotor, at 
4°C, for 15 min. 

2. Cells are washed once with an equal volume of 10 mM Tris-HCl, pH 7.8. We generally 
concentrate the cells some 25—50-fold. Obviously yield will depend on biofilm age and growth 
conditions, so as a reference point, the biofilms we have studied contain about 108 cfu per 
mm. We have found that this amount of cells is adequate for populations expressing CAT at 
levels as low as 5—10 nmoles/min/mg. 

3. The concentrated cell suspension is transferred to a 2 mL screw-cap microfuge tube containing 
0.75 g (roughly 1/3 vol) of glass beads (0.1 mm avg. diam., Sigma, St. Louis, MO). The tube 
should be filled to the top to minimize introduction of bubbles during the homogenization 
process. The screw cap tubes we use are equipped with O-rings to prevent leakage and can be 
obtained from numerous manufacturers, including Sarstedt (#72.694.006). 

4. Cell suspensions are homogenized in the Bead Beater for 30 s, at 4°C, followed by chilling 
the tubes on ice for 2 min. This step is then repeated. 

5. Cleared lysates are generated by centrifugation at 10,000 rpm for 10 min at 4°C in an 
Eppendorf Microcentrifuge, and the protein content of each lysate is determined by using the 
Bio-Rad Protein Assay, based on the method of Bradford.! Bovine serum albumin serves as 
the standard. Generally, we use the cell extracts immediately. 


Again, the oral streptococci are extremely refractile to lysis. For example, thorough 
lysis by sonication requires continuous sonication for 7 to 8 min at 350W in the presence 
of glass beads, whereas E. coli is completely disrupted in 30 s under the same conditions. 
Empirical determination of the minimum time needed to homogenize a given suspension 
of bacteria can be achieved by monitoring A>, until no further increases are observed. 
A variety of beads are also available through the supplier of the Bead Beater, and some 
beads may be better for homogenization of a given bacterium compared with others. The 
supplier will provide this information, but since the data was not generated using biofilm 
cells, testing of a few different beads may be necessary to optimize disruption. 


G. Measurement of Reporter Gene Activity-Chloramphenicol Acetyltransferase 


There are a number of methods for measuring CAT activity. We use the kinetic assay 
as detailed by Shaw.!? The assay should be carried out with a recording spectrophotom- 
eter equipped with a temperature-controlled cuvette chamber. Small variations in reaction 
temperature will impact the results. We employ a Beckman DU640 equipped with a Peltier 
effect temperature-control system with a 6 place cuvette holder. With the 6 cuvette holder, 
we load three identical test samples and one blank, which contains everything but 
chloramphenicol (Cm). Using the kinetics software on the instrument, plots of rates and 
subtraction of any background are done automatically. For assay of CAT in cell free 
lysates, the following method is used: 

1. Prepare the reaction mixture freshly by dissolving 4 mg 5,5'-Dithiobis-2-nitrobenzoic acid 
(DTNB) in 9.8 mL 100 mM Tris-HCl, pH 7.8. To each 9.8 mL mixture, 0.2 mL of 5 mM 
acetyl-CoA solution is added. Equilibrate the mixture to 37°C prior to use. The solution should 
be prepared immediately prior to use as some spontaneous reduction of DTNB occurs over 
time and the solution turns yellow, raising the background. 

2. Add prewarmed (37°C) reaction mixture to each 1 cm light path cuvette and then add 
prewarmed cell lysate to a final volume of 955 uL. All assays are carried out at 37°C, in 
triplicate, with one blank (no Cm added). 

3. Initiate the reactions by adding Cm to a final concentration of 0.1 mM. 

4. The rate of increase in absorption at 412 nm is monitored and differences between the samples 
and the blank are recorded. The rates of Cm acetylation of each protein lysate are calculated 
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as described elsewhere.!* The net change in extinction per minute is divided by 13.6 to obtain 
umoles per min of Cm-dependent DTNB reduction, and the specific activities are expressed 
as Umoles of Cm acetylated/min/mg protein. 


Other methods for measuring CAT include the use of radioactive Cm, ELISAs with 
anti-CAT antibodies, and CAT assays using fluorescent CAT substrates. The use of 
fluorescent CAT substrates may be adaptable to biofilms which have been gently fixed, 
but at this stage no publications have reported using such a method. 


H. Normalization of Data 


The formation of large quantities of exopolymeric material, accretion of material from 
the liquid phase, and the retention of proteins and other components which normally 
diffuse away from planktonic cells results in a much different overall composition of 
biofilms compared to planktonic cells. In some cases, these differences can be fairly 
extreme and exopolysaccharide can actually compose in excess of 90% of the total dry 
weight recovered from the surface. If the experimental goal is to relate the absolute levels 
of expression of a reporter gene construct in biofilm cells to that of planktonically 
growing bacteria, it is essential that the data be normalized correctly. Use of total wet 
weight or dry weight is certainly not appropriate for comparing sessile and planktonic 
populations, and is questionable for making comparisons between two biofilm popula- 
tions growing under different conditions unless it can be verified analytically that large 
differences in composition of the films were not induced by changing the growth 
conditions. Based on our experience, normalization to total protein is the easiest, fastest 
and most reliable method. Specifically, we have grown strains of oral streptococci under 
a wide variety of conditions, e.g., carbohydrate excess and limiting growth, different pH 
values, and different carbohydrate sources. We have tried several different protein assays 
and have supported our data with the anthrone method for total carbohydrate and use of 
amino acid analysis, which will also give amino sugars. By taking a known dry weight of 
biofilm and subjecting it to these analyses, we have validated that the protein assay method 
of Bradford is a very accurate measure of total protein. Depending on the organism and if 
agents which could interfere with the Bradford assay are going to be used to treat the 
biofilms, alternative protein measurement techniques could be used with the caveat that 
they should be supported by analytical methods. 


I. Normalizing Data When Cells Are Not Homogenized 


We have had occasions where it was desirable to measure enzyme activity in biofilm 
cells using intact or permeablized cells, in the case of the urease of Streptococcus 
salivarius (Li and Burne, manuscript in preparation) or LacZ expressed in S. mutans* 
respectively. The urease of S. salivarius rapidly loses activity after release from the cell,° 
whereas it is highly stable in intact cells. In the case of LacZ, use of permeablized cells is 
warranted, although we have not investigated in great detail whether cell lysis affects 
measurements. At any rate, using urease as an example, we have normalized that activity 
to dry cell weight in samples obtained from continuous culture and batch grown organisms. 
However, our recent measurements of S. salivarius biofilms indicate that they are 
composed of greater than 60% carbohydrate, unlike cells grown in batch or continuous 
culture (Li and Burne, manuscript in preparation). Although there are multiple ways to 
circumvent this problem, a simple method involves determining total protein for the entire 
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sample and then calculating the amount of protein input per unit of intact cells. 
Specifically: 


1. Biofilms are collected as above, washed and resuspended in 10 mM potassium phosphate 
buffer, pH 7.0. Cells are dispersed by brief sonication. 

2. The sample is split into two to give sufficient material for urease assays and protein 
determination. 

3. A known volume of cell suspension is used for urease assays. 

4. A known volume of the other portion of the cell suspension is concentrated, resuspended in a 

known volume, and homogenized as above. 

Protein concentration of the cell-free lysate is determined by the Bradford method. 

6. Knowing the protein concentration per unit volume, one can extrapolate to total protein per 
unit of cell suspension used in the urease assays. 


p 


J. Microscopy for Studying Gene Regulation In Situ 


Detailed methods for microscopic examination of biofilms can be found elsewhere? 
and in earlier chapters of this volume. The intent of this section is not to provide detailed 
methods for microscopy, but instead to highlight a few points about the use of microscopy 
to study gene expression. First, the equipment required for techniques such as scanning 
confocal laser microscopy (CLSM) is expensive and enlisting the services of someone 
with expertise in microscopy is strongly recommended. Still, fluorescence microscopy 
and CLSM have proven to be powerful methods for the study of structural aspects of 
bacterial biofilms, and use of microscopy is really the only way to study gene expression 
as a function of such variables as biofilm depth and association with morphotypes. Using 
these techniques, quantitative information can be gathered about the physiologic state of 
populations, and if appropriate reporter gene systems are used, about the relative levels of 
expression of particular genes in single and mixed species biofilms. We have utilized 
strains of S. mutans expressing lacZ which were stained with either 4-methylumbelliferyl- 
B-D-galactopyranoside (4-MUG) or fluorescein di-galactoside (Molecular Probes) to 
follow expression of a gene encoding a sucrose transporter in monospecies biofilms. 
In this case, biofilms were removed from a continuous flow reactor and the substrates 
were applied at the recommended concentrations. The biofilms were incubated in a sealed 
polypropylene container in the dark at 37°C for 30 min and the biofilms were rinsed in 
dH,O. During the staining period, water saturated paper towels were placed in the same 
container to maintain hydration of the films. 

A preferred approach to using fluorescent substrates is to perfuse them into a flow cell 
in which biofilms are forming or established. If the right type of flow cell is used, 
continuous monitoring of the development of fluorescence can be achieved. This method 
is preferred to that described above since it is not necessary to disturb the biofilms. 


K. Alternative Methods 


The use of reporter gene technology is a relatively inexpensive and straightforward 
way to explore gene expression and regulation in biofilm populations. In addition, the 
method is largely nondisruptive and no fixation of the cells is required. Other methods 
have been utilized which directly measure mRNA in biofilm cells using a quantitative 
hybridization with fluorescent DNA oligonucleotides.!°!* Gentle methods for fixation 
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and permeabilization of the biofilm bacteria to allow penetration of the probes are 
available, and coupled with use of a flow cell, the technique seems to preserve the overall 
structure and spatial organization of the bacteria. Although detailed methods will not be 
presented here, use of labeled probes has a number of advantages. First, it is not necessary 
to construct specific strains of bacteria carrying a gene fusion. This may be a major 
consideration for organisms which lack a well developed genetic system. Secondly, 
multiple genes can be probed in a single population by labeling the probes with different 
fluors. Finally, pertinent to mixed populations, speciation can be done concurrently with 
quantitative gene expression studies,!? for example, to confirm that the morphotype 
expressing the activity is the desired strain or whether high or low expressors exist in 
close association with a bacterial species. 


L. Cautions 


The heterogeneity of bacterial biofilms is well established. In mature films, cells exist 
in all phases of growth and quiescence, microenvironments likely differ widely, and 
diffusion into the biofilms of substrates is probably not uniform. Consequently, as our 
experience and that of others indicates, unless very young, thin biofilms are used for 
reporter gene studies, the biofilms appear very heterogeneous. Interpretations of data 
collected by microscopy need to be subjected to close scrutiny and rigorous evaluation of 
the significance of differences in gene expression should include statistical methods of a 
large number of samples before conclusions can be reached. 


IHI. CLOSING REMARKS 


The amount of fundamental and practical knowledge gathered using suspended bacteria 
is staggering. By far, most of what we know and understand about the genetics and 
physiology of bacteria have arisen from studies of suspended populations growing in batch 
culture. Nevertheless, it is equally clear that sessile populations of bacteria are 
dramatically different than their planktonic counterparts. Given the importance of biofilm 
bacteria in diseases and in the environment, dissecting the molecular bases for the 
observed differences in biofilm phenotypes is essential. It may eventually be found that 
biofilm bacteria are responding to a stimulus in essentially the same way as planktonic 
cells would, and that regulatory circuits in biofilms cells are fundamentally the same as in 
suspended organisms. Alternatively, new pathways, unique to biofilm bacteria, may be 
found which, for example, can be exploited to develop novel therapies for infectious 
diseases or to reap economic and social benefit by using adherent cells to carry out 
beneficial processes more efficiently. Either way, we must expand our studies of bacte- 
rial gene regulation to include what is certainly the most relevant state of bacterial growth, 
as adherent populations. 


Acknowledgment: This work was supported by PHS Grant DE12236 from the 
National Institute of Dental and Craniofacial Research. 
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I. INTRODUCTION 


If you consider this text a cookbook and yourself—the investigator—the cook, how do you 
choose which recipe—or experimental procedure—to use? Or should you cook up something 
new? Like any good chef, the recipe you choose will reflect the meal you wish to prepare, the 
equipment in your kitchen, the supplies in your pantry, and your own past experience as a 
cook. But suppose you are not bound by past experience, materials, and equipment, then 
how do you choose an experimental approach? The answer lies in the experimental 
question. What hypothesis do you want to test? What meal do you wish to prepare? 

This chapter should help you answer this question. We begin with a general approach 
to the study of microbial colonization of biomaterials, including a discussion of critical 
controls and potential pitfalls. Our discussion then continues with an overview of the 
most commonly used methods; this overview should help guide the reader to the other 
chapters in this textbook that present the details of these methods. Finally, we close with 
a detailed presentation of the specific methods used to estimate microbial colonization by 
optical density, since this technique is not covered elsewhere and represents the authors’ 
contribution to this field. 


II. EXPERIMENTAL DESIGN 


As the reader knows, scientific investigation proceeds in a cycle that begins with an 
exploratory study into the unknown where we observe a phenomenon and propose an 
explanation (“hunch,” “theory,” or “hypothesis”) to explain our observation. We then test 
this explanation a priori by an experiment to determine how well the explanation can 
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predict the experimental outcome. Confirmation of our predictions increases our 
confidence in the validity and applicability of our scientific explanation. The final stage 
of investigation requires other scientists to confirm our explanation, either by replicating 
our experiments or by making logical deductions based on our explanation and testing 
those deductions. Each stage of this scientific investigation dictates its own experimental 
design. 


A. Exploratory Studies 


While the initial exploratory stage allows the investigator the most leeway in 
experimental design, one must bear in mind that the scientific audience has the least 
confidence in an explanation made after the observation or “post hoc.” Scientific 
confirmation—both by oneself and by others—requires testing a priori. For this reason, 
even though the research is young, investigators should still make every effort to ensure 
the reproducibility of their work by including proper controls (see below), by preserving 
unique microbes, materials and reagents, and by using widely available methods. While 
this call for reproducibility is true for all of science, it is particularly important in the 
study of microbial colonization because the elements of this investigation—the microbe, 
the surface, and the experimental methods—can be difficult if not impossible to replicate 
if the investigator fails to take these precautions. 


B. Hypothesis Testing 


Testing the hypothesis, the next stage of scientific investigation, begins to lock the 
investigator into a particular experimental design. Experiments regarding microbial 
colonization usually address one of the following four testable predictions: 


1. Predictions regarding the capacity of a standard strain of microorganisms, under standard 
experimental conditions, to attach to or colonize different substrata or substrata treated in 
different manners. These predictions concern the capacity of certain physico-chemical 
parameters of the material or the presence of certain adsorbed molecules on the surface of the 
material to promote or repel colonization of the surface. If confirmed, these predictions 
demonstrate an understanding of the precise surface characteristics that promote or inhibit 
attachment and colonization. 

2. Predictions regarding the capacity of a standard strain of microorganisms to attach to or 
colonize a standard substratum under varying experimental conditions, such as pH, buffers, 
temperature, fluid flow rate, etc. These predictions concern the capacity of the bathing 
solution to modulate microbial attachment and colonization of a surface. If confirmed, these 
predictions demonstrate an understanding of the precise fluid conditions that promote or 
discourage an organism to attach to and colonize a surface. 

3. Under standard experimental conditions, predictions regarding the capacity of a standard 
strain of microorganisms (modified in various manners) OR different microorganisms (with 
different attributes) to attach to or colonize a standard substratum. If confirmed, these 
predictions demonstrate an understanding of the specific microbial factors that promote or 
inhibit attachment and colonization of a surface or the microbial factors that control the 
expression of microbial attachment and inhibition factors. Such information sets the stage for 
investigations of the role of such factors to function as virulence factors. 

4. Predictions regarding the survival and proliferation of organisms on a surface, particularly 
when the organisms are exposed to noxious agents, such as antimicrocrobial agents or 
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phagocytes. These predictions concern the manner in which microbes live and die on a 
surface. If confirmed, these predictions demonstrate an understanding of how the biology of 
a surface (sessile) organism differs from the biology of organisms in suspension (planktonic 
organisms). This information is particularly important in understanding how sessile micro- 
organisms have enhanced or restrained capacities to resist the antimicrobial action of thera- 
peutic agents and host defenses. 


Hypotheses 1-3 share a common feature, even though the predictions concern widely 
different phenomena, fundamentally these predictions require the investigator to compare 
the number of microorganisms on a surface under different experimental conditions. This 
determination may be qualitative (e.g., the microscopic presence or absence of bacteria 
on a surface), semiquantitative (e.g., visual estimates of the density of bacteria on a 
surface), or quantitative (e.g., the actual number of colony forming units of bacteria 
recovered from a surface). The determination may be a direct count of bacteria (such as 
the counts made by a scanning electron microscope of the number of bacteria in a 
predetermined area) or indirect (such as the measurement of the optical density of the 
biomass of bacteria attached to a surface). Either way, in order to validate the predictions 
made by these hypotheses, the investigator must experimentally determine the number of 
organisms on the surface. Most, but not all, predictions concerning the fourth 
hypothesis also require counting procedures. Some studies regarding the fourth 
hypothesis, however, concern the morphology, fine structure, physiology, and microbiology 
of surface organisms. 


C. Confirmatory Studies 


The final stage of scientific investigation sets the most rigorous experimental design 
parameters. The investigator must either duplicate, as closely as possible, the experimental 
conditions of the original report or, more commonly, the investigator will test specific 
predictions emanating from the original hypothesis. Either way, when confirming the work 
of others, the scientist should first critique the earlier work (that is, the investigator must be 
aware of the potential pitfalls in the earlier work as well as any critical controls that may 
have been overlooked) and then overcome these criticisms. This requires an appreciation 
for potential pitfalls and critical controls. 


I. PITFALLS 


Microbial colonization of a surface proceeds in stages. It begins with the exposure of a 
surface to suspended microbes, followed by the almost instantaneous “reversible” 
association (through physicochemical interactions) of the microbe with the surface, 
followed by permanent attachment (through a variety of molecular mechanisms) to the 
surface, followed by proliferation over the surface (by multiplication), and concluded by 
the release of daughter cells that leave the surface to colonize more distant sites. It is not 
possible to study the entire colonization process in toto; investigators must instead divide 
the process into constituent stages and study one or two stages in isolation. A frequent 
source of confusion in describing the resulting experiments can be the imprecise 
terminology used in describing the different stages of colonization. Notable confusion arises 
in this regard from the use of the term ‘“‘adherence.”’ 
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Different authors use the word “adherence” to refer to different colonization stages. 
For instance, some authors use the term when referring exclusively to the immediate 
attachment of an organism to a surface, as for example, in experiments with incubation 
periods of 2 to 180 min.?+-920,29,31,33,38,39,42,51,59,64,67 Other authors use “adherence” to 
refer to both the immediate and permanent attachment of a microbe to a surface, as for 
example, in experiments with an incubation period of 5 h.f Still other investigators use 
“adherence” to refer to the stages of immediate and permanent attachment as well as the 
later stage of microbial proliferation, as for example, in experiments with incubation 
periods of 18 to 96 h.!?-!3:!725.74 Confusion arises when different authors use the same 
word to describe data regarding different phenomena. For this reason the term should 
probably be avoided.!>? 

We prefer the terms “adhesion,” “binding,” or “attachment” to describe experiments 
covering the early stages of reversible binding and permanent attachment. These experiments 
require incubation or exposure periods measured in minutes to 1 to 2 h. If the experiment 
can distinguish between reversible binding and permanent attachment, then that distinction 
should be noted. When the experiments use a longer time scale, like 6 to 24 h, the observa- 
tions can include the initial adhesion as well as the subsequent multiplication of the micro- 
organisms on the surface; a better term for this data would be “colonization.” Alternative 
terms that focus primarily on this last colonization stage include “microcolony formation,” 
“biofilm formation,” “microbial mat formation,” and “slime production.” 

Another common pitfall is to overlook the contribution of the unstudied phases of 
colonization toward the complete phenomenon; this oversight can lead to erroneous, even 
absurd, conclusions. Investigators should bear in mind that colonization is cyclical with 
each phase dependent upon the preceding phase. In other words, you can not have biofilm 
formation without microbial adhesion, adhesion without exposure to microorganisms, and 
exposure to microorganisms without release of microorganisms from some more distant 
site, etc. 


IV. CRITICAL CONTROLS 


The four previously stated testable predictions regarding microbial colonization reflect 
the four basic elements of microbial colonization: the substratum, bathing fluid, 
microorganism, and time. The systematic testing of any one of these elements requires the 
other three elements to be closely controlled. Failure to adequately recognize and control 
for these elements is a frequent criticism of scientific reports. 


A. Substratum 


Important substratum variables include the architecture of the object, surface 
microtopography, chemical composition, inclusion of leachable chemicals, surface 
contamination with foreign substances, surface modifications, and the physicochemical 
characteristics of the surface (such as electrostatic charge and hydrophobicity). 

Microbial colonization is a function of the surface area available for colonization; 
surface area in turn is a function of the dimensions of the device, its geometric shape and 
its microtopography (meaning “smoothness” or “roughness” on a microscopic scale). 

Comparable objects should have comparable surface areas. For example, some 
protocols examine microbial adhesion to small beads.°*7? A minor difference in the 
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diameter of the beads used in two different preparations could lead to significant 
differences in the surface area presented by the two materials. Assuming an equal number 
of beads identical in all other respects, there will be greater adhesion to the larger beads 
simply because the larger beads have the greater surface area. 

Some material differences may not be apparent to the investigator; similar appearing 
objects may have deceivingly different surfaces at the microscopic level. If one surface is 
rougher than the other is, microbial colonization can be greater for the rougher surface by 
virtue of the larger surface area’* as well as by the entrapment of microbes in the 
microscopic pits, grooves, and interstices of the rougher material. Another problem 
arises when investigators modify the shape of an object by cutting and trimming so that 
the object can be placed in the test chamber or compared to another similarly shaped 
object. By cutting the material and exposing bacteria to fresh, rough material surfaces, the 
investigator may significantly change the capacity of the object to be colonized by 
microbes.~° 

Materials can be simply but deceivingly labeled, like calling plastic by the 
polymeric name, polystyrene, polyethylene, polypropylene, etc. These terms can 
mislead the investigator into assuming that plastics with the same polymeric name 
have the same chemical composition. Yet the chemical composition of plastics can 
vary from manufacturer to manufacturer and even from lot to lot. Likewise plastics 
include plasticizers which make the material durable and pliable, but the precise 
composition and amount of the plasticizers in the material often varies from manufac- 
turer to manufacturer. Details regarding the precise chemical composition of a 
particular plastic material are usually unavailable to the investigator and may be a 
trade secret or simply unknown. These ccompositional details can have profound 
effects upon the attachment of organisms and substances, such as proteins,” to the 
plastic surface by perturbing material physicochemical properties such as surface 
charge and hydrophobicity. 

Materials are also subject to postmanufacture modification of the surface. In some 
situations the manufacturer may purposefully treat the surface to modify the adhesion 
characteristics; a notable example of this is the difference between 96 well microtiter 
plates (used for ELISA assays) and 96 well tissue culture plates. Although both plates 
have similar appearances and are made out of similar plastic, the manufacturer irradiates 
tissue culture plates to increase surface charge and reduce hydrophobicity thereby 
increasing the attachment of tissue culture cells to the plate. When compared to non- 
irradiated microtiter plates, this irradiation also promotes the attachment of bacterial cells 
to the plates. 135? 

Inapparent but significant accidental soiling and abrasion of the surface can also 
influence microbial colonization of plastic materials. Furthermore as the plastic ages, the 
surface may oxidize and plasticizers will evaporate; heat sterilization, chemical cleaning, 
and exposure to fluids may cause additional surface changes. All of these changes have 
the potential for changing microbial adhesion and colonization. 

These comments should alert the reader to the multiple material variables that require 
controlling when comparing the susceptibility of different objects and materials to 
colonization by a microorganism. The investigator can minimize these variables by 
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attention to detail regarding the manufacturer and lot of the materials, by determining the 
physicochemical characteristics of the surface, by taking care in the handling, storage, 
and cleaning of objects, and by making allowances for the design and size of the test 
objects. When material composition is a critical element in the study, the National 
Institutes of Health provides investigators with standard reference materials with known 
composition that can be used as performance standards for use when testing materials of 
uncertain composition. 


B. Bathing Fluid 


The bathing fluid carries the suspended microbes and covers the test object. Two 
aspects of this fluid require control: the composition of the fluid and the flow of the fluid 
over the test object. 

Important compositional variables include the concentration of dissolved and 
suspended materials, particularly ions® (including pH),?!7?° chelating agents,?!7!9! 
proteins,” detergents,’ and atmospheric gasses.!? Electrolytes, particularly multivalent 
cations, like Ca?+!?>! and Mg?*,?! can promote adhesion by crosslinking anionic groups 
on bacterial cells and surfaces.°? The concentration of electrolytes can also influence 
hydrophobic interactions’ and bacterial adhesion may exhibit pH optimums and 
minimums.7!3!? The presence of detergents in water can diminish surface tension and 
interrupt attractive van der Waals forces to create a net repulsive force between particle 
and substratum leading to detachment or desorption.5%70 

Dissolved and suspended materials not only affect the fluid, they also affect the 
substratum. With exposure to a fluid, a proportion of the suspended and dissolved 
materials will bind to the submerged surfaces and modify the surface chemistry; these 
modifications can influence microbial attachment. For example, the adsorption of serum 
proteins onto plastic surfaces? repels some organisms. Paradoxically, these same 
proteins promote colonization for other bacterial strains by providing unique sites for the 
targeted attachment of the organisms via adhesin-to-protein binding.?*”* Likewise, the 
choice of culture media!* for providing important nutrients and the concentration of 
substances like glucose,!”!” iron,!8 oxygen and carbon dioxide,*!° can greatly influence 
the biofilm formation. 

Common sources of error arising from the bathing fluid include: 


Failure to recognize the presence of ions and detergents in the test chamber. 

Failure to account for the effect of oxygenation and media on microbial growth. 

Failure to recognize the influence on colonization of organic substances, particularly proteins, 
that are carried over from the culture media or are present in the test chamber fluid. 


Appropriate controls to prevent these errors include the use of reagent grade materials 
and the preparation of buffers and reagents in pure water. Washing bacterial cells and the 
avoidance of complex culture media and protein enriched solutions will minimize the 
carry-over of organic substances; when these effects can not be eliminated, appropriate 
allowances should be made in the experimental design. 

Investigators should also consider the dynamic aspects of the bathing fluid. Most assays 
are performed when the substratum is submerged under static (motionless) conditions; 
such systems are dominated by gravity and may not be a desirable model of a natural 
dynamic situation. On the other hand, as noted by Busscher and van der Mei,® the dipping 
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and rinsing procedures that are often used in these assays can artifactually reduce the 
number of attached microorganisms. They emphasize that passing a biofilm through a 
liquid—air interface will produce significant sheer forces that can potentially remove 
organisms from the material surface that are actually attached to the surface. When 
using dynamic models, however, the investigator should ensure that the flow of fluids 
over the test objects is equivalent. Bacterial adhesion under high, and particularly 
turbulent, flow rates requires higher energy bonds than under low flow rates, laminar 
flow, or static conditions.’ Likewise the temperature of the fluid will influence the ther- 
modynamic stability of the surface—microbe bond as well as the subsequent microbial 
proliferation. These conditions can be controlled by attention to detail regarding the 
positioning and design of the test objects and by maintaining standard conditions of 
temperature and fluid flow. 


C. Microorganisms 

Like the substratum, the choice and preparation of the test organism appears to be a 
simple matter but is really a complex set of variables that can be virtually impossible to 
control. For understandable convenience, protocols generally treat a culture of the test 
microorganism as a single immutable object. This convention can cause one to overlook 
the fact that microbial cultures are actually asynchronous transient populations of short 
lived life-forms; individual members of this population are likely to exhibit variations in 
phenotype.”’ Variability is particularly likely for organisms that colonize solid surfaces; 
since sessile life forms invariably include a planktonic stage in their life cycles, cultures 
of surface growing organisms are likely to include a mixture of both adhesive and non- 
adhesive phenotypes.!*?7 The precise proportions of the adhesive and nonadhesive 
microbes will be subject to genotypic drift, natural variation, and the purposeful or 
accidental enrichment of one form or the other by environmental factors and storage and 
propagation conditions. Since time always separates individual experiments, different 
experiments will always be different in terms of the number of microbial generations 
separating the different test cultures as well as the culture propagation and suspension 
conditions. For these reasons, it is virtually impossible to duplicate any two preparations 
of microorganisms, yet these minute differences can have important effects on the capacity 
of the microbial culture to colonize a surface. Furthermore, the cumulative impact of 
these effects only increases over a series of experiments and between different 
laboratories.'* Fortunately, colonization capacities of different strains tend to be fairly 
predictable given similar test conditions. Nevertheless, the investigator interested in 
colonization of surfaces must be willing to tolerate a wide variability in test results and be 
vigilant for sources of experimental variation. 

Investigators can limit the inherent variation of microbial preparations by attention to 
details regarding the propagation, harvesting, and storage of cultures so that equivalent 
experiments have similarly prepared test organisms. One approach is to prepare a large 
batch of organisms, divide the batch into aliquots, and store the aliquots at —-70°C. When 
thawed, the different aliquots are likely to have equivalent colonization properties; 
however, the population of organisms that survive this treatment may not accurately reflect 
the original test population. Furthermore, depending upon survival under frozen 
conditions, aliquots of different age may have different mixtures of adhesive and 
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nonadhesive phenotypes, and of course once the aliquots are exhausted the experiment 
can never be truly duplicated. An alternate approach is to use a minute starter inoculum to 
propagate a microbial strain under set culture conditions and then harvest the culture so 
that the preponderance of the organisms are products of known culture conditions and are 
at a similar stage in the life cycle (like harvesting in midlogarithmic phase or early 
stationary phase). This approach has the appeal that the culture conditions are readily 
duplicated, but for the previously stated reasons the products of the culture may not be the 
same from experiment to experiment. 

Another common problem is for investigators to select one or more clinical strains that 
are convenient or interesting and proceed with detailed studies of the capacity of these 
organisms to colonize a material. The problem with this approach is that without access to 
the study organisms other investigators cannot replicate the experiments. To avoid this 
problem one does not have to limit studies to a few laboratory strains, but it is advisable to 
include a well-studied, widely available laboratory strain in the experiments as a 
performance standard and as a positive or negative control. Table 1 lists some organisms, 
available from international culture collections, whose capacity to attach to plastic 
surfaces has been well studied. If an appropriate reference organism does not exist, then 
many investigators will include the taxonomic type strain or an antimicrobial reference 
strain in their studies as the performance standard. Published organisms with interesting 
or well established colonization mechanisms should be submitted to an international 
culture collection for later reference. 


D. Time 


We have already pointed out the distinction between early attachment, i.e., adhesion, 
and attachment followed by accumulation, i.e., colony formation (or slime production), 
and the necessity for precision in referring to the two phenomena. Experiments that focus 
upon adhesion usually use concentrated microbial suspensions (10°°) and short incubation 
periods (5 min—2 h) under non-nutritive conditions (buffer and 0—4°C). Experiments that 
focus upon microbial proliferation and survival usually use low inocula (1016) and long 
incubation periods (6—24 h) under nutritive conditions (liquid media and 20—37°C). 


V. OVERVIEW OF EXPERIMENTAL METHODS 


The following section presents an overview of the most notable experimental methods 
for studying bacterial attachment and colonization, grouped into direct and indirect 
observation methods, and stressing the advantages and disadvantages of each approach. 
The reader can find specific protocols for these techniques in later chapters. 


A. Direct Observation 
We can directly observe microbial colonization with the aid of an optical microscope, 


a scanning electron microscope, a transmission electron microscope, and by laser- 
scanning confocal microscopy. 


1. Light Microscope 


Relatively inexpensive, simple to use, and readily available, the light microscope has 
proven the oldest and most versatile instrument for studying microbial attachment to 
surfaces. It has, for example, been applied to counting Candida albicans on acrylic 
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sheets,*° E. coli on polymethacrylate films,** Pseudomonas on polystyrene petri dishes,’ 
and E. coli and S. epidermidis on glass cover slips.?® The primary limitation is the 
requirement for an optically clear, planar material for the substratum. The procedure also 
destroys the organisms and does not provide information on microbial viability or the 
three dimensional structure of a biofilm. Staining and fixing a slide can also introduce 
artifacts. 

Under the proper circumstances light microscopy is the quickest way to characterize 
the interaction between microbe and surface. In addition to estimating the amount of 
microbial attachment and colonization, light microscopy also enables the microscopist to 
study the nature of the attachment. By examination of the specimen, the microscopist may 
find microbes bound to the surface in individual cells, in clumps of cells, in mats, or with 
the expression of extracellular materials or associated with special surface structures. By 
making a smear or collecting free floating organisms with a centrifuge, the microscopist 
can compare the morphology of the sessile form to the planktonic form. Unfortunately, 
most of the submicrobial structures of interest to the microscopist studying microbial 
attachment, such as fimbriae and adhesive surface proteins, are below the resolving power 
of the light microscope and cannot be examined. 

The light microscopist can readily transform qualitative optical observations into 
semiquantitative observations such as “present,” “absent,” “rare,” “abundant,” etc. and 
use these observations to compare organisms, substrata, and bathing fluids. Quantitative 
observations, however, require the light microscopist to overcome the tedium of counting 
by hand (or photographing and counting) individual microbes on a large number of 
microscopic fields (of known size and shape). If the microbial cells colonize the surface 
in a dense consortia, the inability to count individual cells will compromise the visual 
counts. At the other extreme, when microbial attachment and colonization takes place at a 
low level, the light microscopist may not be able to detect low, but nevertheless important, 
concentrations of organisms on a surface. Under these circumstances the investigator can 
use a microscope equipped for epifluorescence and fluorescent dyes like acridine orange, 
to increase the sensitivity by five-to-tenfold. Finally, we should note that bacterial counts 
made by light microscopy often vary widely from sample to sample and experiment to 
experiment, an observation that can frustrate the inexperienced investigator. 


2. Laser-Scanning Confocal Microscope 


The laser-scanning confocal microscope overcomes some of the important limitations 
of the simple light microscope. The equipment combines laser illumination, confocal 
imaging, plan-apochromatic objectives, and computer based image processing to generate 
high-resolution, three-dimensional images of the specimen. The instrument works by 
constructing a precise two-dimensional image of the specimen at a precise focal level. By 
varying the focus level and by obtaining multiple images, the computer component 
constructs a three-dimensional image of the specimen, from top-to-bottom, which includes 
both internal and external structures. By using fluorescent dyes, the microscopist can 
label and visualize specific microscopic elements. Because this instrument can see through 
transparent specimens while constructing a three-dimensional images, the laser-scanning 
confocal microscope can be invaluable for understanding the in situ morphology of 
complex microbe-surface interactions, such as the structure of microbial biofilms and the 
interaction of microbes with eukaryotic cells.!° 
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The work of Sanford and colleagues™ beautifully illustrates the application of this 
technique to biofilms. They used the laser-scanning confocal microscope to examine slime 
layers produced by the RP62A strain of S. epidermidis. By examining the preparation at a 
wavelength that excited green autofluorescence the investigators visualized the bacterial 
cells; by re-examining the same preparations treated with a Texas Red-labeled lectin that 
specifically bound the extracellular slime and was excited by another wavelength, these 
investigators could separately visualize the extracellular matrix as a red fluorescence. 
Combining these observations with a three-dimensional computer reconstruction of the 
image, the investigators determined the living architecture of the slime layer. Rather than 
a uniform biofilm, the organism grew in conical multicellular structures separated by 
channels that presumably allowed the deepest layers of the biofilm to receive nutrients 
and release wastes. 

Like the optical microscope, the wavelength of light limits the resolving power of the 
laser-scanning confocal microscope. Although image processing enhances this resolution 
over light microscopy, most submicrobial structures can not be visualized with the 
laser scanning confocal microscope. The laser-scanning confocal microscope is an 
expensive instrument, not available to most investigators. Fortunately, the study of simple 
microbe-surface interactions does not usually require such sophisticated equipment.** 


3. Transmission Electron Microscope 


The transmission electron microscope shows the greatest utility for visualization and 
characterization of internal and external microbial adherence structures.*° By combining 
this method with gold-labeled antibodies, the microscopist can locate specific antigenic 
structures inside and outside of the microbe. The technique, however, has several 
limitations, foremost of which is the restriction to a soft substratum that can be sectioned. 
When sparse attachment occurs, the microscopist may have trouble locating cells in 
contact with the substratum. Artifacts caused by fixation and sectioning plague the 
technique, and the technique does not easily lend itself to comparative counts of colonizing 
microorganisms. Like light microscopy, the procedure destroys the organisms and does 
not provide information on microbial viability. 


4. Scanning Electron Microscope 


The advent of the scanning electron microscope has allowed investigators to observe in 
fine detail the attachment of microorganisms to surfaces.*° The instrument has the 
greatest utility for exploring the attachment of microbes to a wide variety of complex 
opaque materials, like intravascular catheters,’ Dacron grafts,°! pacemaker leads,>° plant 
leaves,>° and biliary stents.” These observations allow the microscopist to not only 
determine where microorganisms preferentially attach to an object but also the nature of 
this attachment and the three dimensional appearance of microbial biofilms. 

Like the optical microscope, the method can be converted from qualitative 
observations to quantitative observations by simply counting the number of organisms over a 
given surface area. The procedure has the unique advantage of allowing direct counts of the 
number of organisms attached to opaque or highly textured surfaces which is impossible by 
any other method. It has, for example, been used to count bacteria attached to smooth and 
sandblasted materials,” metals,*+74 plastics,**’4 ceramics,*+”4 intravascular catheters, 
surgical biomaterials,* urethral catheters,** polymethylmethacrylate beads,* corneas,** and 
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mucosal surfaces.“ Obviously the procedure requires access to a scanning electron micro- 
scope and because the field of view is so much smaller, this procedure can be more tedious 
(consuming large amounts of instrument time) and less sensitive than similar observa- 
tions made by an optical microscope. Because the instrument visualizes the specimen at 
an angle from the side, maintaining the same field size between different fields and deter- 
mining the field dimensions (observed area) can be difficult for objects with a uniform 
surface and nearly impossible for objects with a convoluted surface. The scanning electron 
microscope has the same limitations as the optical microscope in that individual members 
of a consortium can not be reliably counted. The resolving power of the scanning electron 
microscope greatly exceeds the power of the light microscope, allowing the visualization 
of some attachment structures. The scanning electron microscope, however, does not have 
the resolving power of the transmission electron microscope. Furthermore, the prepara- 
tion and fixation process frequently introduces artifacts,°° such as the condensation of 
polysaccharide films that obscure or distort surface structures.!° Like the light micro- 
scope, bacterial counts tend to fluctuate widely from sample to sample and experiment to 
experiment. 


B. Indirect Observation 


We have divided the indirect methods into two groups, procedures that first detach the 
microorganisms from the surface and then count the detached organisms, and procedures 
that estimate the number of attached microorganisms in situ by measuring some attribute 
of the attached organism. 


1. Counts of Living Detached Organisms 


A. PLATE COUNTS 


One of the more gratifying approaches to enumerating surface microorganisms calls for 
the investigator to detach the organisms and count the number of colony forming units (cfu) 
recovered from the detachment procedure. The resulting data are quantitative, rapidly 
generated, and demonstrate the number of living organisms on the surface. The 
procedures are straightforward and generally do not involve special technology or materials. 
Although gratifying this approach is inherently paradoxical, in that we study attached 
organisms by first detaching the organisms. There are also drawbacks as the detachment 
procedure may not be complete and it may be harmful to the cells. If the detached cells are 
present in particles or packets rather than individual cells, results based on cfu may not 
accurately reflect the true numbers of attached cells. Despite these limitations there are two 
basic approaches which have wide applicability to medical devices. 


B. ROLL TECHNIQUE (ALSO TOUCH AND IN SITU CULTURES) 


This approach is a variation on the clinical method Maki*’ developed to assess the 
degree of bacterial colonization of intravascular catheters as an index of colonization and 
possible infection. Sheth and Franson applied the technique to determine the capacity of 
catheters of different materials*>* to accept surface colonization. The technique can be 
applied to any small gauge cylindrical objects (like catheters or rods); similar touch and in 
situ cultures have also been applied to other materials like vascular grafts’> and plastic 
petri dishes.4° The method is easily modified to address particular experimental questions. 
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For example, Greenfield and coworkers recently applied the technique to study the 
capacity of antiseptic coated catheters to inhibit biofilm formation in an experimental pig 
model.*° These investigators modified the roll technique by doing the procedure twice on 
each catheter segment in order to distinguish between moderately bound organisms 
(removed by the first roll) and tightly bound organisms (removed by the second roll).*° 
The roll method is simple, expedient, and requires very little in supplies or equipment, but 
it does have limitations. As the method is limited to external surfaces, it does not measure 
the intraluminal colonization of catheters. Because in order to count individual organisms 
macroscopic distances must separate the attached bacteria, this is at best a 
semi-quantitative method. It can not distinguish between moderate and heavy 
colonization and it may not detect polymicrobial colonization. Perhaps the major problem 
is that the technique depends upon dislodging organisms by touching the object to the 
tacky surface of the agar, tightly held organisms may not be displaced by this procedure. 


C. SONICATION 


Investigators have used a variety of means, like vortexing and scraping, to actively 
remove microorganisms from the surface of an object. Cleaning with sonic energy is the 
culmination of this approach. Unlike vortexing,” this approach is efficient and easily 
standardized. Silverhus et al.® used this procedure to study bacterial colonization of two 
forms of Dacron vascular graft material, Sherertz et al. refined the technique for 
assessing colonization of vascular catheters, and Wengrovitz et al.” have demonstrated 
the superiority of this method over in situ cultures and vortexing. The approach has wide 
versatility, since it can be performed on a variety of objects with complex shapes,’> it is 
quantitative and provides information on living organisms. While specialized, sonication 
equipment is not terribly expensive, but operating the equipment can damage the 
operator’s hearing if the operator does not wear protective headgear. The technique may 
not uniformly strip bacteria from the surface of the object, as certain places on the object 
may be protected from the sonic energy; this problem is particularly true of objects with 
complex shapes. The major limitation is the tedium of performing serial dilutions to 
quantify released bacteria. If available, a Coulter counter adjusted to counting particles 
the size of microbes can relieve this tedium. Counting by this automated method may not 
work if the organism attaches to the glass surfaces and plastic tubing of the counter. 


2. Estimation of Attached Microorganisms In Situ 


A. RADIOLABELED BACTERIA 


Perhaps the most sensitive and versatile method for an investigator to study microbial 
adhesion to surfaces is to radiolabel the organism. The utility of this approach is illustrated 
by the wide variety of radionuclides, microorganisms, and substrata used in radiolabeling 
experiments. Most investigators label the organisms by propagation in liquid media that 
includes a radiolabeled essential nutrient; for example, [*H]thymidine has been used to 
label various Gram positive and Gram negative bacteria for adhesion to intravascular 
catheters,’* suture materials,°’ and glass’? and polystyrene® beads; likewise ['*C] glucose 
has been used to measure the adhesion of Candida to intravascular catheters°? and Gram 
positive and Gram negative bacteria to intravascular catheters,* needles,* and suture 
material;*? '''indium-oxine has been used to measure the attachment of S. epidermidis 
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and P. aeruginosa to fibrin coated glass cover slips;’ and both [*°S]methionine-labeled 
amino acids and [!4C]-labeled amino acids have been used to measure the adhesion of 
bacteria to plant leaves.*° Radiolabeled bacteria have also been harvested from agar 
containing [7H]glucose for studies of adhesion to crushed silicone rubber,® and passively 
labeled with [°'Cr] for studies of adhesion to silicone neurosurgical prostheses.”? 
Prakobohl and coworkers% have recently introduced a novel variation using bacteria 
radiolabeled with [*°S]methionine and a centrifuge to quantify the strength of the 
microbial bond to proteins adsorbed onto microtiter plates. They begin the assay by 
allowing the bacteria to bind to the plate, then they flip the plate, spin off the weakly 
bound organisms, and count the radioactivity of the residual organisms that are tightly 
bound to the floor of the plate.’ 

The primary limitation to the use of radionuclides is that the ratio of counts-per- 
minute(cpm)-to-microbe is unstable. Microbial replication dilutes the label and metabolic 
processes destroy the radionuclide-microbe link. Under most experimental conditions, 
the investigator can follow experiments using radiolabeled bacteria for only a few hours, 
limiting this technique to experiments concerning the microbial adhesion phase of 
colonization. Radionuclides and scintillation fluid are hazardous materials; purchase and 
disposal are expensive and counting requires specialized instruments. Radiolabeled 
organisms should be well washed prior to use and discarded supernatant from the washing 
procedure should be included in each experiment as a quality control. A standard curve 
comparing radioactive counts by cfu-to-cpm of the radiolabeled culture should be 
constructed for each organism. Likewise a blank consisting of the sterile object should 
be run in parallel with the test samples and investigators should report the specific activity 
of the radionuclide when describing their methods. !5 


B. ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 


This technique is similar in many ways to radiolabeling organisms, except the 
detection system uses an enzyme-linked sandwich antibody instead of a radiolabel. The 
ELISA avoids the radiation hazard of radiolabels, but retains the utility of application to a 
wide variety of substrata and microorganisms. The method requires the investigator to 
first use an antibody to a bacterial antigen exposed on the surfaces of attached bacteria. 
The investigator measures the amount of bound antibody by using a second 
enzyme-linked (usually either horseradish peroxidase or alkaline phosphatase) antibody 
directed at the first antibody. The investigator exposes the bound enzyme to a 
chromogenic substrate and measures the color change with a spectrophotometer. Other 
similar methods include the enzyme-linked lectinosorbent assay (ELLA), which 
substitutes an enzyme-linked lectin for the antibody sandwich, and the enzyme-linked 
biotin-avidin assay (ELBA), which measures the attachment of biotinylated bacteria to a 
surface.’ 

In all of these assays, the amount of color change is proportional to the number of 
attached organisms, but the proportion is not strictly stoichiometric. For the ELISA the 
number of first antibodies binding to antigenic sites on the organism, the number of second 
antibodies binding to first antibodies as well as the reaction kinetics of the enzyme can 
interfere with this proportion. Obviously the ELISA requires the investigator to have 
access to an antibody that is specific for the microorganism and does not bind, specifically 
or nonspecifically, in an appreciable amount to the substratum. Less obvious, but equally 
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important, is for the target antigen to be both expressed by attached bacteria and not to be 
obscured by overlying extracellular materials like slime or capsule. Unlike radiolabel 
assays, the ELISA will not count bound organisms embedded in a biofilm. For these 
reasons the assay shows greatest utility for detecting the attachment of small numbers of 
uncoated bacteria to a surface,>* but loses utility in studying the formation of dense 
biofilms covered by extracellular materials. 

Like biologic assays, the ELISA must first be standardized by another counting 
technique. Most investigators use quantitative cultures of serial dilutions of unattached, 
planktonic, organisms. Like biologic assays (see below), this standardization step assumes 
that the expression of the target antigen in planktonic cells will be the same as sessile 
cells, which for geometric reasons alone is incorrect. 


C. BIOLOGIC ASSAYS 


Every method introduced in this chapter has a major disadvantage. Direct microscopic 
counts are tedious and insensitive. Radiation assays are hazardous and limited by a short 
observation window. Assays using sonication to detach organisms do not study the organ- 
isms in situ and the procedure can harm the organisms. Touch preparations — like the roll 
technique — are insensitive, have limited applicability, and also do not study the organisms 
in situ. Enzyme-linked assays are not strictly stoichiometric and may not count all attached 
organisms in a biofilm. Likewise, the procedure that we will present at the end of the 
chapter, the optical density of bacterial films, is limited to specialized optically clear 
materials. Biologic assays—assays that measure the production of a microbial product as 
an indirect assay for the number of microorganisms on a surface—avoid most of the 
disadvantages presented by these techniques. 

Biologic assays are sensitive linear measurements that are easily performed, generally 
do not require hazardous materials, and allow the investigator to follow all phases of 
microbial colonization in situ over a wide variety of complex objects under a variety of 
conditions. A major disadvantage to this approach is that the methods often require 
specialized equipment and reagents. Another disadvantage is the requirement for the 
investigator to standardize the assay by correlating the amount of biologic product to the 
number of microbes generating the product. Because experimental conditions usually 
rrequire the investigator to perform the standardization with planktonic organisms, 
standardization can introduce a serious theoretical flaw into the observations by making 
the assumption that the generation of biologic products by planktonic organisms is similar 
to the generation of biologic products by sessile organisms.*”-°° Biologic assays may also 
require the investigator to rerun the standardization curve for each test organism. 
Nevertheless, monitoring colonization by monitoring the production of a biologic product 
has great utility, particularly for following the activities of well-established microbial 
communities. To perform these studies investigators have monitored ATP production via 
light release (bioluminescence) from a solution of firefly luciferin and luciferase,*!774?4 
the number of attached bacterial cells via the production of cell associated urease,?”! and 
electron transport via formazan production.?° 


D. STAINED BACTERIAL FILMS 


Firmly attached microbial colonies are easily stained and visualized. The appearance 
of these deposits can form the basis for qualitative and semiquantitative visual estimates 
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of microbial colonization and for quantitative assays of microbial colonization by 
spectrophotometric determination of the optical density of the colony. Two approaches 
have evolved. The first, known as the “test tube” or “tube” method, is a simple estimate of 
the macroscopic presence or absence of a stained bacterial film on test tubes that had 
contained broth cultures of bacteria. The second approach, known as the “microtiter plate” 
method, uses an automatic spectrophotometer to determine the optical density (OD) of a 
stained bacterial film on the floor of a multiwell tissue culture plate. 

Christensen et al. 1>! introduced the test tube method as both a demonstration of slime 
production and as an assay for slime production among strains of coagulase negative 
staphylococci (CNS) associated with intravascular catheter infection. When introduced 
the procedure called for using either trypan blue or safranin as the staining agent; however, 
most investigators have used safranin.'!°7> Since both reagents primarily stain the 
microbial cells and not the slimy matrix material, the OD of the stained residue is a rough 
approximation of the bacterial density on the test tube surface, not the extracellular slime. 
Other investigators,*°+! have used alcian blue, which in addition to staining the bacterial 
cells also stains the extracellular matrix.™!>!3 This dual staining appears to be a more 
reliable index of extracellular matrix production. Since the test tube procedure is simple, 
inexpensive, and expedient, it has been used by a number of investigators, primarily in the 
context of clinical isolates of CNS, although it has also been extended to S. aureus.*> 

The test tube procedure is deceivingly simple; minor factors, such as the inoculum and 
the surface-to-volume ratio of the culture vessel, can have a major effect on the appear- 
ance of slime. For example, because slime production depends on the multiplication of 
bacteria on a surface, small inocula—leading to many bacterial generations and a thicker 
biofilm—will more likely produce positive results than large inocula that lead to relatively 
few bacterial generations and a thinner biofilm. Likewise, the low surface-to-volume ratio 
of a deep narrow test tube under static conditions can produce low concentrations of 
oxygen at the bottom of the tube; for some slime producing strains of CNS, low oxygen 
concentration discourages slime production and can lead to a false negative test.> The 
tube test is qualitative; results are interpreted as either (strongly or weakly) positive or 
negative. Significant observer-to-observer and laboratory-to-laboratory variation can 
occur.!3 The basic procedure has been converted to a quantitative assay by Alexander and 
Rimland! who used a spectrophotometer (Junior Spectrophotometer, Coleman 
Instruments, Maywood, IL) at 550 nm to directly read the optical density (OD) of the 
safranin stained bacterial film and by Tsai et al.©? who measured the OD at 590 nm of 
bacterial films stained with toluidine blue and solubilized with base (0.2 M NaOH at 85°C 
for 1 h). The assay is obviously limited to culture tubes and is not easily expanded to other 
materials. 

Christensen et al.’ introduced the microtiter plate method to correct many of the 
deficiencies of the tube test. The approach is a modification of the methodology introduced 
by Fletcher who used the OD of stained bacterial films on plastic petri dishes as a model 
for the colonization of marine surfaces by aquatic microorganisms.” After exposing 
plastic petri dishes to bacterial solutions, Fletcher rinsed the dishes four times with buffer, 
then fixed the residual attached bacteria with Bouin’s fixative and stained the cells with 
ammonium oxalate-crystal violet. The plates were then air dried and the OD read at 


1,43 


228 Christensen et al. 


590 nm with a spectrophotometer. Christensen et al.!* adapted this approach to 96-well 
tissue culture plates, which increased data acquisition by the use of an automatic spectro- 
photometer. The resulting method is inexpensive, easily performed, and produces reliable 
quantitative data. 

The primary drawback to the procedure is the confinement to multiwell (usually 
96-well) plates; most investigators will use this approach for experiments that focus on 
microbial processes rather than on the substratum. Nevertheless, if the substratum material 
is available in optically clear sheets, it is possible to adapt this procedure to studying 
material variables by cutting the material into sheets or discs and placing the specimens 
on the floor of the test chamber. Because 96-well plates have a higher surface-to-volume 
ratio than test tubes, the results of colonization experiments with this method can be at 
variance with the test tube method, primarily by the identification of additional slime 
producing strains which are dependent upon higher oxygenation conditions.° Since the 
microtiter plate assay depends on the optical density of attached cells, the method will not 
detect low levels of surface colonization. 

In setting up experiments using the microtiter plate, the investigator must consider the 
choices of spectrophotometer, 96-well plate, and fixative procedure. For example the 
MicroELISA Auto Reader (Dynatech Laboratories, Chantilly, VA) automatic 
spectrophotometer has an OD ceiling of 1.500 while the BioRad EIA reader (BioRad 
Laboratories, Richmond, CA) records optical densities that approach 7.5.4 Although the 
significance of optical densities at the high end of the BioRad scale is uncertain, important 
data in the OD range of 1.5 to 3.0 may be lost with the Dynatech instrument but recovered 
by the BioRad instrument. Different 96-well plates exhibit different colonization 
characteristics. As previously noted, the surfaces of microtiter plates tend to be hydro- 
phobic whereas the manufacturer modifies the surfaces of tissue culture plates to reduce 
hydrophobicity.!?>? Bacteria generally attach to a greater extent to tissue culture plates, 
which are the substratum of choice. The choice of fixative is the final decision. As the 
microtiter plate procedure has become more popular, different investigators have 
introduced a variety of fixatives,+ probably because the original procedure as developed 
by Fletcher called for Bouin’s fixative. Bouin’s fixative includes picric acid which is 
potentially explosive and discarding excess reagent can be both difficult and expensive. 
Alternative fixatives, like methanol, formalin, Carnoy’s, etc., however, do not work as 
well as Bouin’s fixative and can lead to widely variable results, even with the same strain 
of bacteria.4 Simple air-drying, however, appears to work nearly as well as Bouin’s 
fixative.* 


E. MICROTITER PLATE PROCEDURE 


For determination of slime production, bacteria are first propagated overnight in 
Trypticase soy broth (TSB) and then diluted 1:100 in fresh TSB. Individual wells of a flat 
bottomed 96-well tissue culture plate are then filled with 0.2 mL of the inoculated broth 
and the plates are incubated in a stationary position at 37°C for 18—24 h. For adhesion 
experiments, bacteria are suspended in buffer to a concentration of 107—108 cfu/mL, 
following which 0.2 mL portions of the suspension are dispensed into individual wells 
and the plate incubated for 5-120 min, usually in a stationary position at 37°C. At the 
conclusion of the incubation period the liquid contents of the wells are gently aspirated 
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(usually with an eight or twelve prong aspirator connected to low vacuum) by tipping the 
plate forward, placing the tip of the aspirator on the lowest surface of the well wall (at the 
air—fluid meniscus), and as the fluid is aspirated slowly following the retreating meniscus 
into the corner created by the sides and floor of the well. (It is important to not disturb the 
film in the center of the well which is used to measure the OD.) The wells are then refilled 
with 0.2 mL of PBS and reaspirated; the procedure is repeated for a total of four changes 
of PBS. The residual adhesive bacterial film is fixed by drying at 60°C for 1 h and stained 
by flooding the wells with Hucker crystal violet. The stained plates are rinsed under 
running tap water, emptied by shaking the plate upside down, and set aside to dry. The 
dried plates are read in a BioRad EIA reader at a wavelength of 570 nm. Appropriate 
positive controls include ATCC 35984 (RP62A) or ATCC 35983 (RP12) in TSB; 
appropriate negative controls include ATCC 35983 in TSB without glucose and ATCC 
35982 (SP2) in TSB. 


F. INTERPRETATION 


Each plate should contain a media blank, the OD of which is subtracted from the sample 
OD. The absolute contribution of the blank reading to the data, however, tends to be 
negligible and in many experiments can be safely ignored. Samples are usually run in 
multiples (usually 4—8 wells) and assays are repeated at least once. In experiments 
following the colonization of plates by one (or a few) strains (relative values), 
investigators have analyzed the data by using Student’s t test of the averaged sample OD. 
For studies that compare the slime producing capacity of different strains, we have 
previously proposed an arcane procedure which combines the OD of bacterial films 
produced in TSB with the OD produced in TSB without glucose.!? Currently, however, 
most investigators simply average the OD of the bacterial films produced in TSB. For 
studies looking at group data the average OD readings are compared by Student’s t test; 
for determinations of the slime producing capacity of a particular strain (absolute values), 
the organism is labeled either negative, or weakly positive, or strongly positive based on 
the averaged OD. The accepted convention for these categories!*:!7 is to use as the ceiling 
OD for negative strains three standard deviations above the mean value of a series of 
blank wells (usually an OD of 0.12 to 0.3). Strains with an OD that exceeds this ceiling 
value but is less than double this value can be considered weakly positive (usually an OD 
of 0.12 to 0.6), and strains with an OD greater than double (usually 0.24 to 0.6) the ceiling 
value for negative strains can be considered strongly positive. The problem with this 
approach is that many strains have OD readings of 1.5 or greater and this potentially 
important data is not captured by such a categorizing system. 
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I. INTRODUCTION 
A. Bacterial Glycocalyx and Electron Microscopy 


The secreted exopolysaccharide that constitutes the bacterial glycocalyx allows 
bacterial proliferation in a well-protected environment.”!? Bacterial adherence, proliferation 
and biofilm production on a biomedical device can have catastrophic consequences for 
the patient, resulting in infection or failure of the device. Therefore, laboratory studies of 
the pathogenesis of these latent device-related infections is critical.? However, attempts 
to study the bacterial biofilm by electron microscopy employing only conventional 
fixation techniques suffer from inadequately preserved or stained glycocalyx. This is 
largely due to the characteristics of the glycocalyx as a highly hydrated, polymerized 
anionic matrix of variably substituted polysaccharides. Polysaccharides are not well 
stabilized by the conventional fixatives, namely the aldehydes, glutaraldehyde and 
paraformaldehyde, or osmium tetroxide. Graded dehydration with alcohol to gradually 
remove water from this highly hydrated structure may further distort delicate features 
resulting in observation of condensed or collapsed structure.?!>-!®!8 Not naturally 
electron-dense, the conventional means for adding contrast with the poststains uranyl 
acetate and lead citrate is usually not sufficient to enable exopolysaccharide constituents 
to appear dark or electron-dense on the phosphorescent screen of the transmission electron 
microscope. Too electron-translucent on its own, and unable to gain contrast from 
conventional poststains, the glycocalyx is often indistinguishable from the embedding 
resin background.!° 


1. Ruthenium Red, Alcian Blue, and Lysine 
in Electron Microscopy Procedures for Visualization of the Bacterial Glycocalyx 

The use of the cationic reagents, such as ruthenium red and alcian blue, provides added 
stability to the glycocalyx throughout the rigorous stages of processing for electron 
microscopy. Ruthenium red, a 1.1 nm sphere of +6 charge,!!-!3 was extensively utilized 
by Luft!'4* to improve preservation of highly polymerized anionic mammalian 
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Table 1. Sample Loss and Sample Survival by Different Forms of Lysine 





Sample Additional sample loss 

loss by Sample 
Fixation method n lh 2h 4h 24h 24h 
Free amino lysine 
GA-lysine 9 4 3 2 0 0 
GA-RR-lysine 9 3 1 1 2 2 
GA-AB-lysine 9 1 3 2 1 2 
PF-GA-lysine 9 0 0 0 3 6 
PF-GA-RR-lysine 9 0 1 2 4 2 
PF-GA-AB-lysine 9 0 0 0 3 6 
Monohydrochloride lysine 
PF-GA-lysine 9 0 0 0 0 9 
PF-GA-RR-lysine 9 0 0 0 0 9 
PF-GA-AB-lysine 9 0 0 0 0 9 
Acetate lysine 
PF-GA-lysine 9 0 0 0 0 9 
PF-GA-RR-lysine 9 0 0 0 0 9 
PF-GA-AB-lysine 9 0 0 0 0 9 


Abbreviations: 
GA = glutaraldehyde 
PF = paraformaldehyde 
RR = ruthenium red 
AB = alcian blue 


glycocalyx as well as several unidentified bacterial species.'* However, the Luft approach 
was more successful for some bacterial species than others.>° Species of clinically 
important staphylococci require a platform for enhancing structural stabilization especially 
where a direct attachment surfaces or sufficient protein sites were lacking.*° Alcian blue, 
a planar copper phthalocyanin with a +4 charge distributed on quaternary amino side 
chains,'’ while providing stability for the anionic glycocalyx of some bacterial species,” 
has shown limited success when used on its own in chemical fixation procedures for the 
staphylococci.® 

When the positively charged diamine lysine, previously effective in the preservation of 
the mammalian glycocalyx,' was added to glutaraldehyde and ruthenium red, the 
effectiveness of this fixative was notably increased, in particular for species where 
ruthenium red alone was inadequate.!? Elaborate bacterial glycocalyces, including those 
of the staphylococci, were observed by scanning electron microscopy (SEM)* and 
transmission electron microscopy (TEM). When lysine was included with alcian blue, 
abundant glycocalyx was often observed surrounding and extending between staphylo- 
cocci cells with an elimination of condensed artifactual features previously described.’ 

The major limitation with employing lysine as a fixative is due to the inflexibility of 
the 20 min prefixation step. As prefixation extends beyond 20 min, the sample often 
solidifies into a gelled mass.®? For critical samples obtained in the clinical realm, an 
improvement in the time effectiveness of this method was greatly needed. This improve- 
ment was partially attained by inclusion of paraformaldehyde in the fixative with 
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Table 2. Key Chemical Fixation Components 


Component Concentration Source 

Sodium cacodylate buffer 0.1 M pH 7.2 Fisher Scientific 

Glutaraldehyde 2.5% Electron Microscopy Sciences, Fort Washington, PA 
Paraformaldehyde 2% Electron Microscopy Sciences, Fort Washington, PA 
Ruthenium red 0.075% Sigma Chemical Co.; R-2751 40% dye content 
Alcian blue 0.075% Aldrich, Inc., Milwaukee, WI #19,978-8 


Lot 009112ML 25% dye content 


Lysine free amino 75 mM Sigma Chemical Co.; L-5501 
(L-2,6 diaminohexanoic) 

Lysine monohydrochloride 75 mM Sigma Chemical Co.; L-5626 

Lysine acetate 75 mM Sigma Chemical Co., L-1884 


glutaraldehyde-lysine and ruthenium red,® and this time restriction of 20 min could be 
extended to several hours and even up to 24 h, as summarized in Table 1. However, 
solidification and loss of some samples still would occur in a variable and unpredictable 
manner with increased fixation time. A further improvement was attained by replacement 
of the lysine-free amino form previously used,°7”* with the lysine-monohydrochloride or 
lysine-acetate form.’ In these studies, sample loss at 24 h was eliminated, as shown in 
Table 1. Ultrastructural observation of extended fibrous glycocalyces was maintained. 
Alcian blue could also be used with the inclusion of paraformaldehyde and/or lysine- 
monohydrochloride or lysine-acetate forms; although condensed features were occasionally 
seen in fixations less than 2 h.!° In these studies, three species of Gram-positive coagulase- 
negative staphylococci were utilized; a laboratory reference strain, S. aureus ATCC 
25923, and two clinical isolates frequently studied in biomedical device infection models, 
Staphylococcus hominis SP2 and S. epidermidis RP62.° 


I. MATERIALS AND METHODS 
A. Cell Culture and Handling 


Cells were recovered from —70°C frozen storage and plated on blood agar plates for 
24 h to test viability. Inoculation of five colonies to trypticase soy broth (TSB) was fol- 
lowed by incubation for an additional 18 h at 35°C. 

For SEM studies, 1 cm? segments of test biomaterial substrates of polyurethane foam 
or silicone rubber (Surgitek, Racine, WI) were sterilized and added to the TSB prior to 
inoculation. 

For TEM studies, aliquots of lysine in 1.5 mL eppendorf tubes were vortexed with 
freshly prepared chemical prefixatives. This new mixture was immediately added to 
pellets of cells (ultracentrifuged at 4°C, 4,000 rcf, 10 min). Resuspension with a pasteur 
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Control Samples, Short and Extended Time Fixation 
by Composition of Fixative and Form of Lysine 


eS ieee 


Control? Short-Time-Lysine® Extended Time-Lysine‘ 
Prefixation Prefixaton Fixation 
| 20 minutes | 20 minutes 
Fixation Fixation 24 hours 


| 2 hours | 2 hours 
re Shared Steps a 


Figure 1. Procedures from sample to shared steps for SEM or TEM are shown for sample 
controls, short time and extended time fixation with prefixation (20 min), fixation (2 h) 
versus extended fixation (24 h) respectively. Note: a = control samples detailed in section 
II.C.2.a.; b = short-time-lysine methods detailed in sections II.C.2.b. and I.C.2.c.; 
c = extended time methods detailed in section II.C.2.d. 


pipette was gentle but thorough. After each successive fluid exchange and incubation, 
cells were microcentrifuged at 12,000-16,000 rcf for 2 min and carefully resuspended in 
the successive reagents. Before the first dehydration stage, the cells were enrobed in 4% 
agar and handled as 1 mm? blocks thereafter. 


B. Chemical Fixative Components 


A listing of key chemical components is indicated in Table 2. Sodium cacodylate buffer 
at 0.1 M, pH 7.2, is used for all aqueous fixative solutions and washes. Glutaraldehyde 
(Electron Microscopy Sciences, Fort Washington, PA) is used at 2.5% and paraformalde- 
hyde (Electron Microscopy Sciences, Fort Washington, PA) at 2%. The cationic reagents 
ruthenium red (Sigma Chemical Co., St. Louis, MO, #R-2751; 40% dye content) and 
alcian blue (Aldrich, Inc. Milwaukee, WI, #19,978-8; 25% dye content) were used at 
identical 0.075% solutions throughout. All forms of lysine (L-2,6 diaminohexanoic) were 
used at 75 mm and were obtained from Sigma Chemical Co.; free amino (L-5501), 
monohydrochloride (L-5626) and acetate (L-1884). 


C. Procedures for Electron Microscopy 


1. Shared Aspects of Procedures 

Procedures are shown in the following flowcharts. Figure 1 illustrates the chemical 
fixation methods by time for controls, short time and extended time procedures. The short 
time lysine methods have a 20 min prefixation and 2 h fixation. The extended time lysine 
methods have 24 h fixation. 
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Shared Steps in Scanning 
Electron Microscopy (SEM) 


Sample Fixation 
Buffer Wash 
a. l 3x10 min - 0.1 M sodium cacodylate 


Post-fixation 
b. | 2hr- 1% (w/v) OsO, 
0.1 M sodium cacodylate 


Buffer Wash 
c. | repeat step a. 


Dehydration 

d. i graded alcohol seriest 

Critical Point Drying (CO,) 

and Coating with Gold-Palladium 


{ 


OBSERVATION 


Figure 2. Processing for SEM has several shared steps for samples irrespective of preceding 
prefixation/fixation stages which may have different chemical components. The graded- 
ethanol series consists of 10%, 25%, 50% for 10 min each, 70% overnight and 95%, 100%, 
100% 1 h each. 


Samples for SEM share several steps of processing in common as shown in Figure 2. 
These include postfixation in osmium tetroxide, ethanol dehydration (10%, 25%, 50%, 
75%, 95%, 100%, 100%), critical point drying and metal coating to improve conduction 
of the electron beam in the scanning electron microscope. 

Samples for TEM share several steps of processing in common as shown in Figure 3. 
After postfixation in osmium tetroxide and ethanol dehydration (10%, 25%, 50%, 75%, 
95%, 100%, 100%), samples are infiltrated with the embedding resin, LR White (Electron 
Microscopy Sciences, Fort Washington, PA) for about 24 h. Samples are then embedded 
in gelatin capsules and placed in an oven for heat polymerization, preferably under a 
weak vacuum to assist consistent LR White polymerization, overnight. Thin sections are 
post-stained with uranyl acetate and lead citrate before observation in the transmission 
electron microscope. 


2. Different Aspects of Procedures 
A. CONTROL METHODS 
The control fixation methods exclude lysine. All solutions are prepared in 0.1 M 
sodium cacodylate buffer. 
Control 1: 2.5% glutaraldehyde. 
Control 2: 2% paraformaldehyde, 2.5% glutaraldehyde. 
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Shared Steps in Transmission 
Electron Microscopy (TEM) 


Sample Fixation 


Buffer Wash 
a. | 3x10 min - 0.1M sodium cacodylate 
Post-fixation 


b. l 2 hr - 1% (w/v) OsO, 
0.1M sodium cacodylate 


Buffer Wash 
c. | repeat step a. 


Dehydration 
d. J graded alcohol series* 
Infiltration 
e. | overnight - LR white resin 

2 x 3 hr - LR white resin 
Embedment (gelatin capsules) 

and Polymerization 
f J 60°C overnight under weak vacuum 
Thin Section and Staining 
g. | 10 min - 2% aq. uranyl acetate 
5 min - lead citrate 


OBSERVATION 


Figure 3. Processing for TEM has several shared steps for samples irrespective of preceding 
prefixation/fixation stages which may have different chemical components. Note: a weak 
vacuum draw (24 h) will assist in consistent LR White polymerization. The graded ethanol 
series consists of 10%, 25%, 50% for 10 min each, 70% overnight and 95%, 100%, 100% 
1 h each. 


Control 3: 0.075% ruthenium red, 2.5% glutaraldehyde. 

Control 4: 0.075% ruthenium red, 2% paraformaldehyde, 2.5% glutaraldehyde. 
Control 5: 0.075% alcian blue, 2.5% glutaraldehyde. 

Control 6: 0.075% alcian blue, 2% paraformaldehyde, 2.5% glutaraldehyde. 


B. FREE AMINO LysINE METHODS 


These short time methods do not use paraformaldehyde nor alternative forms of lysine. 
All solutions are prepared in 0.1 M sodium cacodylate buffer. 


Method A: prefixation in 75 mM lysine, 2.5% glutaraldehyde; fixation in 2.5% glutaraldehyde. 
Method B: prefixation in 75 mM lysine, 0.075% ruthenium red, 2.5% glutaraldehyde; fixa- 
tion in 0.075% ruthenium red, 2.5% glutaraldehyde. 

Method C: prefixation in 75 mM lysine, 0.075% alcian blue, 2.5% glutaraldehyde; fixation in 
0.075% alcian blue, 2.5% glutaraldehyde. 
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C. PARAFORMALDEHYDE AND LYSINE METHODS 


These short time methods use paraformaldehyde and any of the three forms of lysine; 
free amino, monohydrochloride or acetate. All solutions are prepared in 0.1 M sodium 
cacodylate buffer. 


Method 1: prefixation in 75 mM lysine, 2% paraformaldehyde, 2.5% glutaraldehyde; fixation 
in 2% paraformaldehyde, 2.5% glutaraldehyde. 

Method 2: prefixation in 75 mM lysine, 0.075% ruthenium red, 2% paraformaldehyde, 
2.5% glutaraldehyde; fixation in 0.075% ruthenium red, 2% paraformaldehyde, 2.5% glut- 
araldehyde. 

Method 3A: prefixation for 20 min in 75 mM free amino lysine, 0.075% alcian blue, 
2% paraformaldehyde, 2.5% glutaraldehyde; fixation in 0.075% alcian blue, 2% paraformal- 
dehyde, 2.5% glutaraldehyde. 

Method 3B: fixation for 2 h in 75 mM lysine (monohydrochloride or acetate), 0.075% alcian 
blue, 2% paraformaldehyde, 2.5% glutaraldehyde. 





D. EXTENDED TIME METHODS 


For the extended time methods, paraformaldehyde and any of the three forms of lysine 
are included; however, some samples processed with the free amino form may solidify by 
24 h. This does not occur with the monohydrochloride or acetate forms. All solutions are 
prepared in 0.1 M sodium cacodylate buffer. 


Method 4: fixation in 75 mM lysine, 2% paraformaldehyde, 2.5% glutaraldehyde. 


Method 5: fixation in 75 mM lysine, 0.075% ruthenium red, 2% paraformaldehyde, 
2.5% glutaraldehyde. 


Method 6: fixation in 75 mM lysine, 0.075% alcian blue, 2% paraformaldehyde, 2.5% glut- 
araldehyde. 


III. OBSERVATIONS AND DISCUSSION 
A. SEM Observation of Staphylococci on Biomaterials 


The advantage of SEM is its three-dimensional image of the biomaterial and the biofilm 
that has grown upon its surface. Silicone rubber provides a flat relatively uniform surface 
(Fig. 4A). In contrast, the honeycomb of polyurethane foam (Fig. 4B) provides numerous 
opportunities for bacterial adhesion and growth in three dimensions. With a conventional 
fixation of glutaraldehyde (Control 1), the smooth round S. epidermidis RP62 cocci 
(arrow) can be seen building upward from the single dimension of silicone rubber (Fig. 
4C). The cocci of S. hominis SP2 proliferate into a mass projecting well away from the 
foam surface taking advantage of its interstitial space (Fig. 4D). A glutaraldehyde-only 
fixative approach (Control 1) reveals only smooth appearing cells with only a few strains 
of secreted exopolysaccharide material (arrows) rarely seen. With ruthenium red added to 
the glutaraldehyde (Control 3), a few more strands of exopolysaccharide (arrows) are 
observed between smooth cells of S. hominis SP2 grown upon the flat silicone rubber 
(Fig. 4E). For the copious glycocalyx producer S. epidermidis RP62, some sparse fibrous 
material is seen on the surfaces of some cells (Fig. 4F, arrows) with this fixation 
(Control 3). 

Clusters of cells of S. epidermidis RP62 (arrows) proliferate along the curving edge of 
polyurethane foam (Fig. 5A). The extensive fibrous material covering these cells (arrow- 
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Figure 4. (A) Staphylococci grow outward from the flat one-dimensional silicone rubber 
surface. Bar = 10 um. (B) Polyurethane foam provides opportunity for growth throughout a 
three-dimensional honeycomb-like network. Bar = 500 um. (C) With glutaraldehyde fixation 
(Control 1), S. epidermidis RP62 cocci appear smooth as cells build outward from the silicone 
rubber surface. Bar = 5 um. (D) Smooth S. hominis SP2 cocci proliferate as a mass into the 
interstitial space of the polyurethane foam. A few strands of fibrous material (arrows) rarely 
occurs (Control 1). Bar = 5 um. (E) By glutaraldehyde-ruthenium red (Control 3) processing, 
more exopolysaccharide strands (arrows) between smooth cells are illustrated for S. hominis 
SP2 grown upon silicone rubber. Bar = 5 um. (F) By glutaraldehyde-ruthenium red (Control 
3) processing, the copious glycocalyx producer of S. epidermidis RP62 exhibits some sparse 
fibrous material on cell surfaces (arrows) as shown on polyurethane foam. Bar = 2.5 um. 


heads) as well as strands of material between cell masses and polyurethane foam substrate 
(arrow) are seen (Fig. 5B) when Method B (glutaraldehyde-ruthenium red-lysine-free 
amino) fixative is used. For S. aureus ATCC 25923 grown on polyurethane foam (Fig. 5C), 
considerable fibrous glycocalyx is also seen on cells by Method B. When grown on sili- 
cone rubber, a biomaterial preferred by S. aureus ATCC 25923,4 a biofilm with 


Electron Microscopy 243 





Figure 5. The successful use of glutaraldehyde-ruthenium red-lysine-free amino (Method 
B) is demonstrated for staphylococci grown on either silicone rubber or polyurethane foam. 
(A) Clusters (arrows) of S. epidermidis RP62 proliferate along the curving edge of polyure- 
thane foam. Bar = 100 um. (B) Extensive fibrous material (arrowheads) covers 
S. epidermidis RP62. Plentiful strands of material are seen between cell masses and the 
polyurethane foam substrate (arrow). Bar = 5 um. (C) For S. aureus ATCC 25923 grown on 
polyurethane foam, considerable fibrous glycocalyx is visualized. Bar = 5 um. (D) and (F) 
When S. aureus ATCC 25923 is grown on its preferred biomaterial silicone rubber, a biofilm 
with thickened strands is seen (long arrows). Bars = 50 and 5 um, respectively. (E) and (F) 
Additionally, fibrous glycocalyx is elaborate upon these cells. Bars = 5 um. (G) For 
S. hominis SP2 grown on silicone rubber, elaborate extracellular material is seen between 
cells (arrows) and upon cells (arrowhead). Bar = 10 um. 


thickened strands builds (Fig. 5D, 5F, long arrows). Fibrous material is also seen on cells 
(Fig. 5E, 5F, arrows). For S. hominis SP2 (Fig. 5G) by this fixation (Method B), extensive 
extracellular material is seen between cells (arrows) and upon cells (arrowhead) grown on 
silicone rubber. 
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Figure 6. (A) For paraformaldehyde—glutaraldehyde fixation (Control 2), glycocalyx 
preservation is inadequate as shown for S. hominis SP2. (B) With ruthenium red added 
(Control 4), any material (arrow) is sparse as shown for S. epidermidis RP62 cocci. (C) and 
(D) For glutaraldehyde-lysine-free amino (Method A), fibrous glycocalyx material (arrows) 
surrounds cocci of S. aureus ATCC 25923 and S. hominis SP2, respectively. (E) and (F) For 
glutaraldehyde-ruthenium red-lysine-free amino (Method B), abundant glycocalyx (arrows) 
is visualized as shown for S. hominis SP2 and S. epidermidis RP62, respectively. 
Bars = 0.25 um. 


B. TEM Observations of Staphylococci 


The inadequate preservation of the staphylococci glycocalyx is seen in TEM in Figure 
6A for S. hominis SP2 by paraformaldehyde-glutaraldehyde fixation (Control 2). With 
ruthenium red added for times corresponding to either short or extended fixation times 
(Control 4), only sparse material (arrow) is seen in thin section as shown for S. epidermidis 
RP62 cocci (Fig. 6B). With lysine-free amino added to glutaraldehyde (Method A), 
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Figure 7. (A) and (B) For paraformaldehyde-glutaraldehyde-lysine/extended time (Method 4), 
fibrous glycocalyces (arrows) surrounds cells of S. epidermidis RP62 and S. hominis SP2, 
respectively. (C) For paraformaldehyde-glutaraldehyde-ruthenium red-lysine-free amino/short 
time (Method 1), an abundantly preserved uniform glycocalyx (arrow) surrounds a cocci of S. 
hominis SP2. (D) For paraformaldehyde-glutaraldehyde fixative with lysine-monohydrochloride 
(Method 4), a fibrous glycocalyx (arrow) is illustrated for S. aureus ATCC 25923. (E) For 
paraformaldehyde-glutaraldehyde-ruthenium red-lysine-monohydrochloride at short fixation time 
(Method 2), cells of $. hominis SP2 are surrounded by a fibrous glycocalyx (arrow). Bars = 0.25 um. 


a considerable increase in fibrous glycocalyx material (arrows) surrounds cocci of S. 
aureus ATCC 25923 (Fig. 6C) and S. hominis SP2 (Fig. 6D). When ruthenium red was 
included with lysine-free amino and glutaraldehyde (Method B), elaborate and abundant 
glycocalyx (arrows) is seen as shown for S. hominis SP2 (Fig. 6E) and S. epidermidis 
RP62 (Fig. 6F). Note the increase in abundant fibrous glycocalyx material (Fig. 6B) gained 
by glutaraldehyde-ruthenium red-lysine-free amino fixation (Method B) versus the 
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Figure 8. (A) For paraformaldehyde-glutaraldehyde-alcian blue-lysine (free amino) at 
extended fixation time (Method 6), an abundant glycocalyx (arrows) completely surrounds 
cells of S. hominis SP2. (B) By the same method (Method 6), S. epidermidis RP62 cocci 
have elaborate and extensive glycocalyx material (arrows). (C) and (D) For paraformalde- 
hyde-glutaraldehyde-alcian blue-lysine-monohydrochloride at extended fixation time 
(Method 6), abundant glycocalyx (arrows) is seen for S. hominis SP2 and S. epidermidis 
RP62. (E) and (F) For paraformaldehyde-glutaraldehyde-alcian blue-lysine-acetate at 
extended fixation time (Method 6), fibrous material (arrows) is elaborate for cells of $. hominis 
SP2 and S. aureus ATCC 25923. Bars = 0.25 um. 


limited material (Fig. 6E, 6F) seen by the addition of ruthenium red only to the 
aldehydes (Control 4). The limit of a strict time of short prefixation hampers application 
of this improved methodological approach. 

With the addition of paraformaldehyde, the time of fixation can be increased (Table 1) 
with the gain of improved glycocalyx preservation maintained. The views of fibrous 
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matrices surrounding cells (arrows) is seen for S. epidermidis RP62 (Fig. 7A) and 
S. hominis SP2 (Fig. 7B) by Method 4 (paraformaldehyde-glutaraldehyde-lysine/extended 
time). A very well-preserved uniform glycocalyx (arrow) surrounds a cocci of S. hominis 
SP2 (Fig. 7C) after ruthenium red is added to paraformaldehyde-glutaraldehyde-lysine- 
free amino, shown at short fixation time (Method 1). The time of fixation can be extended 
to 24 h without sample loss by use of an alternative lysine, monohydrochloride or acetate 
(Table 1). The observation of the ultrastructural appearance of the glycocalyx is also 
maintained by use of these alternative lysines. A fibrous glycocalyx (arrows) is illustrated 
for S. aureus ATCC 25923 (Fig. 7D) by lysine-monohydrochloride in paraformaldehyde- 
glutaraldehyde fixative at extended time (Method 4) and for S. hominis SP2 (Fig. 7E) by 
ruthenium red added to lysine-monohydrochloride in paraformaldehyde-glutaraldehyde 
at short fixation time (Method 2). Alcian blue can successfully be employed in the same 
procedures. 

By paraformaldehyde-glutaraldehyde-alcian blue-lysine (free amino) at extended 
fixation time (Method 6), a uniform glycocalyx (arrows) completely surrounds a dividing 
cell and an adjacent cell of S. hominis SP2 (Fig. 8A). By the same method (Method 6), 
glycocalyx material is elaborate for cocci of S. epidermidis RP62 (Fig. 8B, arrows). For 
the alternative lysine-monohydrochloride in paraformaldehyde-glutaraldehyde-alcian 
blue at extended fixation time (Method 6), abundant glycocalyx is seen for S. hominis SP2 
(Fig. 8C, arrows) and S. epidermidis RP62 (Fig. 8D). For the other alternative, lysine- 
acetate in paraformaldehyde-glutaraldehyde-alcian blue at extended fixation time (Method 
6), fibrous material (arrows) is elaborate for cells of S. hominis SP2 (Fig. 8E) and S. aureus 
ATCC 25923 (Fig. 8F). 

Thus, a variety of fixation methods based upon the same principal components can be 
used to enhance visualization of the bacterial glycocalyx by electron microscopy. 
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I. INTRODUCTION 


The principle behind confocal laser scanning microscopy (CLSM) was first described 
in 1961 by Minsky,’ but it has been the advent of faster scanning laser systems and 
increased computational capabilities that has led to the recent rapid development of CLSM 
as a major biological tool. 1227 

With conventional light microscopy, the whole area of interest is imaged onto a screen 
or viewed directly by the eye. While suitable in many cases, this does not permit subse- 
quent electronic processing or easy adapting to take advantage of resolution enhancement 
apparatus. Electron microscopy, on the other hand, requires extensive specimen 
preparation in which dehydration and slicing may lead to disruptive shrinkage and 
artefacts. The cryosectioning associated with transmission electron microscopy (TEM) 
further compounds sample distortion. The development of immunofluorescence using 
highly specific stains and antibodies has contributed to fluorescence microscopy 
becoming one of the most widely techniques in biological research. However, this method 
can produce fluorescence emissions throughout the entire depth of the specimen causing 
out-of-focus blurring.®?634 While this may be partially corrected by restricting sample 
thickness to about 10 um or using flattened cell cultures, these practices can distort the 
views obtained, while the cutting of sections complicates the interpretation of three 
dimensional structures. 

Confocal laser scanning microscopy (CLSM) forms a bridge between light, 
fluorescence and electron microscopy. It has found wide application, including the 
study of infections associated with the formation of microbial biofilm on implanted 
medical devices, and the challenges posed by its eradication. CLSM affords penetra- 
tive, noninvasive views of specimens in which the biofilm is not dehydrated, back- 
ground “flare” is virtually absent and 3-dimensional (3D) and quantitative imaging 
are possible. !!.!8 
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Table 1. Stains Commonly Used in CLSM 


Absorption Emission 

Stain max (nm) max (nm) Site of stain 
Fluorescein 490 520 General 
Rhodamine 570 590 General 
Texas red 596 620 General 
Acridine orange 490 590 Nucleic acid 
Ethidium bromide 510 595 Nucleic acid 
Propidium iodide 536 623 Nucleic acid 
Di-I 546 565 Lipophilic 


II. CONFOCAL LASER SCANNING MICROSCOPY 


In CLSM the basic optical arrangement is similar to that used in scanning optical and 
scanning electron microscopy (SEM), except for the source of illumination, which 
employs a scanning laser beam, usually a low-power air-cooled argon laser. This can emit 
a variety of wavelengths of which the two strongest lines are at 488 nm (the excitation 
maximum of fluorescein) and at 514 nm (capable of causing emissions from rhodamine 
and Texas red). Argon—krypton laser confocal microscopes operate at longer excitation 
wavelengths (488 nm, 568 nm, 647 nm) and are suited to fluorochromes excited by green 
light.°3! However, this is less stable, has a shorter lifetime and is more susceptible to 
chromatic aberration than the argon laser. Nevertheless, both laser systems provide high 
intensity illumination giving good sensitivity and fluorescence resolution.® 

CLSM is particularly useful in biomedical studies in that it overcomes the inherent 
limitation of conventional light microscopy—the out-of-focus blurring or fluorescence 
flare. This is brought about because any part of the image which is outside the very 
narrow depth of focus of the CLSM appears black and therefore is not visible.!° By 
removing this background out-of-focus haze, the confocal system allows imaging of these 
structures. It has the added advantage that preparations normally considered overstained 
or deemed to have unacceptable levels of background staining can be successfully viewed. 
However this narrow depth of field has its disadvantages in that the filtering of the 
confocal system can reduce the signal from weak fluorescent probes to an unacceptably 
low level, while small vertical displacements, such as that caused by play in the 
microscope stage, can have a large effect on the image. Problems may also occur in 
locating specific areas within a fluorescent specimen as objects outside the depth of field 
appear black and are therefore not visible.!> 

Bleaching of the specimen by the very intense laser beam can be problematic. This 
limits the time a specimen can be exposed to the laser and may partially be solved in 
living specimens by use of dyes that tend to be less photosensitive, such as Texas red or 
rhodamine.*! Applications of some stains commonly used in CLSM are shown in Table 1. 
In fixed cells, combinations of antibleaching agents may be effective.!°!® Photobleaching, 
however, may not always be detrimental to specimen investigation. It has been suggested 
that the measurement of the recovery time after photobleaching may be utilized to 
indicate properties of that tissue such as permeability or the determination of diffusion 
coefficients. !° 
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Figure 1. Low-power, color-enhanced confocal laser scanning micrograph of microbial 
biofilm attached to a pore of a long-dwell CAPD catheter. The lighter areas represent 
regions of higher bacterial concentration (bar = 100 um). For comparison, a catheter pore 
with biofilm, viewed by SEM, is shown on the right hand frame. 


By using point scanning in the CLSM, rather than full field illumination, it is possible 
to scan in the x,z plane instead of the usual x,y plane. Images of optical sections parallel 
to the optical axis of the microscope are thus generated. Current systems permit optical 
sectioning down to 0.1 um and these sections may then be digitally enhanced to provide a 
three-dimensional non-invasive image of subsurface organelles. Hence, cell interiors 
within living tissue can be investigated without the artifacts introduced by preparing 
specimens for scanning electron microscopy, and cellular functional architecture (the 
structural relationship between various cell organelles) may be elucidated. Much of this 
architecture occurs in the range 0.1-1.0 um which cannot adequately be resolved by 
conventional light microscopes. Colloidal gold immunocytochemical labeling has 
revolutionized electron microscopic localization of cellular organelles and has found 
successful application in confocal imagery.”?*° As the gold particles are not subject to 
photobleaching, four-dimensional investigations are possible in which a series of three- 
dimensional confocal images of living cells may be viewed over specified time intervals. 


UI. CLSM TO DEFINE THE STRUCTURE OF BIOFILM 


Unlike electron microscopy, CLSM is well suited to investigation of the structure of 
microbial biofilm because of its ability to scan below the biofilm surface (x,z plane) 
enabling a 3-D image of the biofilm to be constructed.*® Patients on continuous 
ambulatory peritoneal dialysis (CAPD) frequently suffer from recurrent episodes of 
peritonitis and may require their catheters to be surgically removed.” Examination by 
scanning electron microscopy (SEM) of such catheters often reveals the presence of 
microbial biofilm, considered to be the cause of recurring peritonitis.” In the majority of 
catheter sections examined, however, only erythrocytes and inflammatory cells are 
observed on the catheter surface, although bacterial presence may be confirmed by micro- 
biological procedures and TEM.”! CLSM of the catheter surface was employed to enable 
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Figure 2. Color-enhanced confocal laser scanning micrograph of S. epidermidis biofilm 
attached to a CAPD catheter. Clusters of spherical entities 1—2 um in diameter are in the size 
range expected for bacterial cocci (bar = 25 um). 


direct observation of fluorescent dye stained microbial biofilm underlying the occluding 
erythrocyte and inflammatory cell layer.” 

Peritoneal catheters were obtained from CAPD patients with recurrent peritonitis and 
1 cm sections cut from the catheter cuff. These were split longitudinally, with one portion 
placed in 5% (w/v) glutaraldehyde in cacodylate buffer (0.1 M, pH 7.4) for examination 
by CLSM and the other portion retained for microbiological identification of adherent 
bacteria. Catheter portions were attached to glass microscope slides and stained with 
acridine orange (0.001%) for 5 min. Samples were examined at a wavelength of 488 nm 
by CLSM (Biorad Lasersharp MRC 500) with long working distance lenses. !> 

Figure 1 shows a low power enhanced confocal fluorescent micrograph of a CAPD 
catheter pore with entrained biofilm in which areas of high microbial density are seen as 
white regions. A penetrative view of the biofilm specimen below the superficial 
inflammatory cells and erythrocytes and demonstrate discrete entities, 1-2 um in 
diameter, clearly visible within the centre of the glycocalyx matrix (Fig. 2). 

The distribution of bacteria within the hydrated matrix of the biofilm viewed by CLSM 
is more dilute than is observed in TEM observations, reflecting the effects of the 
dehydration process in the preparation of specimens for TEM. This observation is 
supported by other CLSM studies indicating that living biofilms are highly hydrated, 
having between 50-90% void space.? Recently, the algal, bacterial and exopolymeric 
components of natural biofilms were quantified using a simple triple fluorescent approach. 
Measurement of each of these components in biofilm was undertaken by staining for 
bacterial mass (a fluorescent nucleic acid stain), exopolymeric substances (fluor- 
conjugated lectins) and algal biomass (autofluorescence). Results from their investigation 
showed that biofilm was composed of 85% exopolymeric substance, 4.5% bacteria and 
10.6% algae.*° 

By using optical sectioning it has been demonstrated that Staphylococcus epidermidis 
biofilms on CAPD catheters from patients with peritonitis were in the order of 30 um in 
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Figure 3. CLSM of P. aeruginosa biofilm formed on PVC before (a) and after exposure to 
10 mg/L ciprofloxacin (b). Specimens were fixed in buffered formalin and stained with 
propidium iodide (for 60 min), before mounting in a fluorescent medium with and antifade 
agent (Vectashield). Biofilm thickness was 18 um and scan depth was 10 um (bar = 10 um). 


thickness.”! These data are similar to those from Pseudomonas aeruginosa biofilms 
(medium 33 um and range 13-60 um).*4 The technique of optical sectioning can also be 
used to determine the distribution of microbial cells within a biofilm and how this is 
affected by the microorganism forming the biofilm. For example, P. aeruginosa biofilms 
are characterized by a dense cell mass near the biofilm base (Fig. 3), whereas those of 
Vibrio parahaemolyticus adopt an inverted structure with the majority of the biomass 
near the surface.*4 The coverage of a given area with biofilm may be quantified by CLSM 
in which the confocal image is converted into a series of black and white pixels using 
novel image analysis software. The percentage of biofilm (black pixels) can then be 
calculated as a percentage of the white pixels (the viewed area without biofilm).*” 


IV. PENETRATION INTO BIOFILMS 


The prevention of biofilm attachment to implanted medical devices and its eradication 
has posed a challenging problem. Attempts at preventing the attachment of pathogens to 
implanted medical devices, by incorporating antibiotics into biomaterials, have met with 
little success. Once established, microorganisms within the glycocalyx are relatively 
insensitive to the action of antimicrobial agents at clinical doses.!? 

In providing insight into possible solutions to this challenge it is necessary to 
determine how materials enter and move within the biofilm. Traditional approaches to the 
measurement of diffusion in biofilm have included the use of dialysis membranes and 
agar gels as models from which the results could be extrapolated to microbial systems.!” 
The technique of fluorescence recovery after photobleaching (FRAP) has been used to 
determine mobility of molecules through biological media.!*:!° The principle involves the 
irreversible bleaching of the fluorescent—labeled molecules in biofilm by brief exposure 
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to intense light and monitoring the replacement of the bleached molecules with new 
fluorescent molecules. This technique has been used to measure the diffusion coefficients 
of fluorescein-conjugated dextrans (size range 4-2000 K) through biofilms.!° The method 
could be easily adapted to determine the interaction between antimicrobial agents and 
exopolymeric matrix. 

Microinjection of fluorescent dyes highlighted how small, nonbinding molecules were 
able to move freely within the voids, while the movement of larger molecules was 
impeded by the matrix, suggesting the exopolymeric substance pore diameter was in the 
order of 80 nm. The growth patterns and transport processes of biofilm have been studied 
by tracing the movement of inert fluorescent microparticles (1 um diameter) through a 
developing biofilm using CLSM. When added to a bacterial culture, these microparticles 
rapidly penetrated into a thick biofilm via water channels and pores. As the biofilm 
developed, the void space was filled with growing biomass and the beads were gradually 
displaced to the surface. Beads were shown to persist in biofilm for up to 20 d.?° In addition 
to visualizing pores and quantifying biofilm void space and biomass, CLSM may be used 
to describe the movement of fluids within biofilm. Using CLSM particle tracking, voids 
have been demonstrated to be connected to the bulk liquid and the flow velocity inside the 
biofilm was proportional to the bulk flow velocity.* Flow velocities may also been deter- 
mined using microelectrodes with CLSM.? 

The effects of ultrasonic eradiation and gentamicin on biofilm disruption were viewed 
by coupling a flow cell to the CLSM and staining biofilm with ethidium bromide (nucleic 
acid stain). Visualizing the 3-dimensional structure of a 24 h biofilm showed that it 
appeared to grow under sonication, rather than undergoing disruption. The authors 
concluded that sonication, rather than disrupting the biofilm, may facilitate antibiotic 
transport into the biofilm causing cell death.?7 


V. SURFACE TOPOGRAPHY 


Surface topography, including the degree of surface roughness (microrugosity), plays 
an important role in initial bacterial adherence.’ Implants with porous surfaces are much 
more susceptible to infection after implantation as microorganisms tend to sequester 
themselves in these cavities and avoid host defences. Over time, implanted medical 
devices, which were originally smooth, can develop roughened or cracked surfaces which 
enable bacterial adhesion which encouraged biofilm formation.5824-30 

CLSM offers resolution of fine surface detail and such data can be electronically 
manipulated to create three-dimensional and topographical images. The software allows 
simulated fluorescence processing (SFP, shadow-imaging), topographical imaging with 
3-D plot (T3D) and topographical imaging with measurement line (TML).!° 

Figure 4 shows topographical imaging by CLSM of an unused CAPD catheter and one 
which had been in situ for 18 mo. The long-dwell catheter displays a greater degree of 
surface roughness than unused catheter. For this study, the ratio values obtained by 
computer 3-D measurement were typically in the range 4.5 to 5.0 for long-dwell catheters 
and 3.5 to 4.0 for control catheters. The ratio is a direct measure of the roughness of the 
product surface. Adherence of bacteria to long dwell catheters was significantly higher 
than control catheters because of their rougher surface. While commercially available 
catheters may have similar surface microrugosities, CLSM may prove useful in 
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Figure 4. CLSM topographical imaging showing an unused catheter (a) in comparison to 
the roughened surface of a long-dwell catheter (b). Biofilm was removed from catheters by 
vortex mixing and gentle sonication. One cm sections from the tip region were fixed in 
glutaraldehyde and stained with acridine orange (0.05% w/v in 0.1 M sodium citrate buffer) 
for 3 min, before examination by CLSM. 


determining their durability and changing surface characteristics as a result of prolonged 
dwell-time in the patient." 


VI. CONCLUSION 


CLSM is a useful, noninvasive method for providing penetrative views of microbial 
biofilms, together with quantitative data on biofilm structure and functioning. By 
enabling observation below the surface, the extensive sample preparation and sectioning 
associated with electron microscopy, is minimized, allowing examination of biofilms in 
their hydrated form. CLSM can also facilitate the tracing of diffusion markers through 
biofilm and, in eradicating biofilm from, for example, medical devices, the technique of 
photobleaching will be useful in monitoring biocide penetration into biofilm. Further 
developments in computational capabilities and the advent of faster scanning laser 
systems will undoubtedly enhance CLSM’s role as a major biological tool. 
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I. INTRODUCTION 


Infection is recognized as a major concern with temporary as well as permanent medical 
implants.®!3.24 Clinical experience suggests that bacterial adhesion followed by 
colonization and biofilm formation may be critical in the sequence of events that lead to 
device infection. Biofilm may form a barrier and prevent effective penetration of 
antibiotics, and bacteria sequestered in the biofilm may evade phagocytic cells thus 
dodging the hostile immune system. Device-associated infections are also difficult to 
resolve with antimicrobial therapy, and, in many instances, force the removal or replace- 
ment of the infected device. 


II. QUANTIFICATION OF BACTERIAL ADHESION AND COLONIZATION 


Bacterial colonization of a prosthetic device is considered to be a multiphasic process. 
Colonization begins with either a direct or random encounter of the microbe with the 
biomaterial surface. Depending upon the nature and composition of the surface, a pathogen 
may find the local conditions conducive to rapid adhesion. Interfacial energy, surface 
texture, hydrophobicity/hydrophilicity, and the composition of the fluid that coats the 
surface at the time encounter occurs, all affect bacterial interaction with devices. Once the 
adhesion has been established, the adherent cells reorganize to consolidate a relatively 
firm attachment with the surface.** It is well recognized that interaction of micro- 
organisms with animate tissues involves specific interaction of microbial structures (1.e., 
adhesins) with reciprocal substratum structures (i.e., receptors), usually through a 
lectin—saccharide interaction, or through surface integrin receptors. Such a targeted 
attachment may take place for inanimate structures (i.e., device surface) as well if the 
substratum has adsorbed specific ligands that make bacterial adhesion possible. 
Successful colonization of a surface may set the stage for production of an adhesive 
extracellular polymer coating known as biofilm or slime.** Sustained growth of micro- 
organisms on the device surface may lead to local or systemic infection. 


Handbook of Bacterial Adhesion: Principles, Methods, and Applications 
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Since the nature of the material and the composition of the biological milieu may dictate 
whether or not bacteria would adhere at an interface, efforts have been made to modify 
the interfacial properties to prevent bacterial adhesion. These modifications include 
imparting hydrophilic properties!’ or incorporation of antibacterial agents.!7! Such 
efforts have triggered the need for quantitative assessment of adhesion and colonization 
of bacteria on artificial surfaces. While a number of methods have been developed for 
quantitation of bacterial adhesion to surfaces, no one technique has proven to be 
satisfactory for studying bacterial adhesion under all conditions. 

The methods most often used to enumerate adherent bacteria involve determination of 
absolute numbers of bacteria by direct counting when use of a microscope is feasible. 
Morphological observations of adherent bacteria have become possible by using scanning 
and/or transmission electron microscopy. Furthermore, when specific antibodies are 
available, it is possible to estimate the relative numbers of bacteria using enzyme-linked 
immunosorbent assay (ELISA), or quantitation of a biochemical metabolite, such as ATP, 
by bioluminescence. Bacteria can also be labeled metabolically using radioactive tracers 
and absolute numbers of bound bacteria determined by liquid scintillation or gamma 
counting.!° Another approach involves labeling bacterial surfaces with biotin, followed 
by use of avidin-peroxidase to obtain an estimate of relative number of adherent bacteria. !? 
Other researchers have implemented existing techniques in studying bacterial adhesion 
under the influence of fluid flow, including mass transport and wall shear rate.!132? These 
measurements utilize parallel plate chamber, rotating disc, and stagnation point flow 
techniques. However, each of these procedures has certain drawbacks. Microscopic 
assessment is tedious and possible only when cells are adherent as a monolayer. Specific 
antibodies are not readily available for various immunochemical assays and the use of 
radioactive labels invokes safety issues. Labeling of bacterial surfaces with biotin or other 
compounds could have deleterious effects that are difficult to account for and systems 
involving dynamic fluid flow limit consideration of other relevant parameters that may 
have an impact on bacterial adhesion. 

Among all the techniques employed to evaluate bacterial adhesion, the use of 
radioactive tracers, particularly the use of gamma emitters, appears most promising for 
bacterial adhesion studies in vitro. Similarly, bacteria with genetic markers appear most 
promising for evaluation of bacterial interaction with devices in vivo. 


I. METHODS FOR EVALUATION 
OF BACTERIAL ADHESION TO SOLID SURFACES 


A. Microscopic Evaluation of Adherent Bacteria 


A number of methods have been utilized to determine bacterial adhesion to 
biomaterials. It is outside the scope of this chapter to describe each of these in detail; 
however, a brief mention of a few techniques is warranted. 

Light microscopy is the most common approach used to evaluate bacterial adhesion. 
Since this method does not require special staining or processing of samples, viable 
bacteria can be viewed readily at different time points during an experiment. Light 
microscopes, equipped with a CCD camera to generate computerized images, allow the 
observation of adhesion and colonization of bacteria at a solid—liquid interface in real 
time. However, for quantification purposes, adherent cells can be fixed with a crosslinking 
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agent (glutaraldehyde), and several random fields of small areas (i.e., 0.0252 mm?) 
selected for manual counting of adherent bacteria. The obvious limitation of this approach 
is the requirement for optically clear, planar material as the substratum. Manual counting 
is also tedious and time-consuming, and individual cells in dense consortia are difficult to 
identify. Furthermore, light microscopic evaluation of adherent bacteria is problematic 
when dealing with a large number of samples. 

Scanning electron microscopy (SEM) makes it possible to observe, in fine detail, the 
attachment of microorganisms to surfaces. Bacteria can be enumerated on transparent as 
well as opaque surfaces with ease.&?3 However, SEM also suffers from many of the same 
limitations indicated for light microscopy. As with optical microscopy, the method can be 
converted from qualitative to quantitative observations by simply counting the number of 
organisms over a given surface area as long as they are adherent as a monolayer. Bacteria 
embedded in the biofilm or adherent in multiple layers cannot be resolved, and the small 
field of view precludes assessment of a large surface area. 

Transmission electron microscopy (TEM) has been used in specific instances to assess 
bacterial adhesion. While TEM is a powerful tool for identification and characterization 
of adherent components, technical limitations preclude its use for quantitation of bacteria 
adherent to surfaces. 

Confocal microscopy provides a means by which discrete thin sections can be viewed 
individually, in a desired sequence, or subjected to image analysis to provide high 
resolution, three dimensional images of specimens. With the use of computer generated 
optical images, qualitative analysis of bacterial interaction with the substrate can be 
studied. However, confocal microscopy, like other microscopic methods, can be useful 
for qualitative but not quantitative assessment of bacterial adhesion. 


B. Biochemical and Immunochemical Methods 


Many investigators have monitored the production of a microbial product as an indirect 
assay for the number of microorganisms on a surface.?®??-30 Biological assays have the 
advantage of being sensitive, and allow investigators to follow microbial colonization on 
a wide variety of materials under many conditions. The disadvantage of these approaches 
is that the assays provide an indirect assessment and require a standardization step to 
correlate the amount of product to the number of microbes generating the product. Since 
this standardization is usually done with planktonic organisms, it is not necessarily correct 
to assume that it can be applied to adherent microorganisms as well. One of the most 
common methods used involves monitoring ATP production by luciferin and luciferase 
reaction. 

Immunochemical staining methods have also been used for evaluation of bacterial 
adhesion. An ELISA-based system has been developed as a convenient and sensitive 
means to enumerate adherent microorganisms. These methods rely on the detection of 
adherent bacteria by treatment with an antibody against bacteria (primary antibody) and 
then a secondary antibody derivatized with horseradish peroxidase or alkaline 
phosphatase. ELISA has been used extensively in the investigation of bacterial adhesion 
to animal cells immobilized on microtiter plates.*” While ELISA offers a highly sensitive 
approach for detection, the major drawback is that it requires specially treated plates which 
limits its use for the assessment of bacterial adhesion on various biomaterials. 
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C. Introduction of Reporter Genes 


Bacterial interaction with implanted devices can be evaluated by employing micro- 
organisms with stable marker systems with an easily detectable phenotype.”!4+703! The 
most popular reporter enzyme in bacteria is B-galactosidase. Transduction of bacteria 
with LacZ gene results in the expression of the B-galactosidase enzyme, which can be 
easily detected by biochemical methods. The adherence of such genetically engineered 
microorganisms to a substrate can be evaluated by the degree of B-gal expression. A 
standard curve correlating the actual number of bacteria to the strength of the blue staining 
of B-gal could be used to quantitatively assess bacterial adhesion. Such methods can be 
used for in vivo systems to monitor the fate, survival, and colonization of genetically 
altered bacteria. However, the use of §-galactosidase as a reporter enzyme has been limited 
because it is present in a number of bacteria, such as Escherichia coli, and deletions of the 
LacZ gene must be constructed before its use. Recently, Kalabat et al. have reported 
the development of N,N’-diacetylchitobiase (chitobiase) (f-N-acetyl-B-D- 
glucosaminidase).!® This enzyme hydrolyzes the disaccharide chitobiase to N-acetyl 
glucosamine. The advantages of the reporter gene encoding chitobiase are that chitobiase 
and N-acetyl-B-D-glucosaminidase activities are missing in E. coli strains (one of the 
widely used species for bacterial adhesion studies) and that bacterial chitobiase activity 
can be measured quantitatively and monitored using blue/white colony indicator plates. 
Furthermore, convenient substrates for this enzyme (such as p-nitrophenyl-N-acetyl-B- 
glucosaminide [PNAG] and 5-bromo-4-chloro-3-indolyl-N-acetyl-B-D-glucosaminide 
[X-Gluc]) are commercially available. The use of chitobiase as a reporter enzyme is 
generally applicable to the study of bacterial adhesion and its assessment in those bacteria 
that do not contain N-acetyl-B-D-glucosaminidase. 

Along with the biochemical analyses to monitor the expression of exogenous genes, 
light emission can be used to evaluate the expression of bioluminescent proteins. The 
green fluorescent protein (GFP), a 27-kDa protein from the marine bioluminescent 
jellyfish Aequorea victoria, is a unique marker that can be identified by noninvasive 
methods. Neither substrates, complex media, nor expensive equipment are required for 
detection of GFP.!420 Green fluorescent protein absorbs light with an excitation 
maximum of 395 nm and fluoresces with an emission maximum at 510 nm, so it can be 
simply detected by shining a hand-held UV lamp on GFP-containing colonies and 
observing green light emission. GFP has been introduced into a number of bacterial 
species, and Tresse et al have reported the detection of individual green fluorescent 
colonies of transformants (Moraxella sp.) for up to 2 weeks after inoculation.”” The 
relatively long expression of the exogenous reporter gene makes this system an attractive 
method for long-term experiments in both in vitro and in vivo models. This is a stable and 
useful marker that allows for easy, rapid, and inexpensive detection of adherent bacteria. 


D. Detachment of Adherent Bacteria 


A simpler approach often employed for quantitation of adherent microorganisms is to 
detach the organisms and count the number of colony-forming units (cfu) recovered from 
the stripping procedure.’ The procedure itself is straightforward and generally does not 
involve special tools or materials. Nevertheless, the approach is inherently paradoxical: it 
relies on studying attached organisms by first detaching them from the surface. Moreover, 
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the detachment procedure, if too aggressive, may injure the cells, and if not too aggressive, 
may fail to remove all the adherent cells. Further, if the detached cells are present in 
clusters rather than individual cells, results based on cfu may not accurately reflect the 
true numbers of adherent cells. 

Despite the limitations, the following approaches have been used to remove adherent 
microorganisms to detect and quantify infection in medical devices: 

The roll technique was developed to assess the degree of bacterial colonization of 
intravascular catheters. It has also been used to determine the capacity of catheters of 
different materials for bacterial adhesion and colonization. The technique is simple, 
expedient, and requires little in supplies or equipment. Although simple, the approach has 
its limitations as it does not measure intraluminal colonization. This technique has also 
been used for measuring bacterial adhesion to solid cylinders of different material. The 
major problem with the roll technique is that it depends on detachment of adherent 
organisms when a cylindrical object is rolled over the agar surface; tightly held organisms 
may not be displaced readily from all materials. 

Investigators have used a variety of means, such as vortexing and scraping, to remove 
adherent microorganisms from the surface. Another commonly employed technique relies 
on ultrasonication to recover adherent microorganisms and quantitation of dislodged cells 
by serial dilution.* Ultrasonication is particularly suited when dealing with devices with 
complex shapes, inaccessible lumens, seams or crevices. However, careful optimization 
of the technique is necessary since the heat generated during ultrasonication may adversely 
affect adherent as well as recovered cells. 


IV. USE OF RADIOACTIVE TRACERS FOR LABELING OF BACTERIA 


Perhaps the most sensitive and versatile approach to evaluating microbial adhesion to 
surfaces involves the use of radiolabeled organisms.” The utility of this approach is 
illustrated by the wide variety of radionuclides, microorganisms, and substrata used in 
radiolabeling experiments. 


A. Use of f-emitters 


Most investigators label the organisms by propagation in liquid medium that includes a 
radiolabeled essential nutrient. The use of 3H, !4C, 32P, 35S, >!Cr, and 7Se as radioactive 
tracers has been employed for labeling microorganisms.”??7° 3H-thymidine labeled 
Gram-positive and Gram-negative bacteria have been utilized for adhesion to 
intravascular catheters, suture materials, and glass and polystyrene beads. Likewise 
'4C_slucose and *°S-methionine have been used to study the adhesion of a variety of 
bacterial strains to intravascular catheters, vascular grafts, needles, and suture materials. 
Radiolabeled bacteria have also been harvested from agar containing *H-glucose for 
studies of adhesion to a variety of biomaterials,!>? and passively labeled with >!Cr for 
studies of adhesion to neurosurgical prosthesis. However, the use of a metabolic label 
entails prolonged incubation of cells with nuclide, and B-emitters require further 
processing of samples for quantitation of adherent bacteria. 


B. Use of emitters 


To facilitate the investigation of bacterial adhesion to biopolymers, bacteria labeled 
with y-emitters are more desirable because surfaces with labeled cells can be assessed 
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quickly without the need for solubilizing the cells or relying on the use of scintillation 
fluids. Moreover, increased sensitivity with the use of y-emitters is particularly useful 
when dealing with a low number of adherent cells. Microorganisms labeled with 
'1Tndium are particularly suited for assessment of bacterial adhesion on a wide variety of 
materials or devices.’ !''Indium-oxine has been used for two decades to label platelets 
for localization of deep vein thrombosis and leukocytes for localization of infection by 
gamma imaging.”**4 The technique used for labeling platelets and leukocytes was adapted 
by the authors for labeling of microorganisms with '!'Indium-oxine. The experience with 
this procedure has suggested that most microorganisms can be labeled easily with 
Indium, and labeled cells exhibit no adverse effects thus facilitating the quantitation of 
bacteria adherent to materials. 


V. RADIOLABELING OF MICROORGANISMS 


A brief outline of methods employed for !!!In or 3°S labeling of bacteria is provided for 
the benefit of readers who may have interest in using cells labeled with y- or B-emitters to 
study bacterial interaction with materials or devices. 


A. Preparation of Bacteria 


Cultures of Staphylococcus epidermidis, Staphylococcus auras, and Pseudomonas 
aeruginosa (ATCC 12228, 25923, and 27853, respectively) were incubated for 36 h in 
tryptic soy broth (TSB; Remel, Lenexa, KS) at 37°C. The cell suspension was centri- 
fuged at 1200 g for 15 min at 4°C and cells were washed three times with phosphate- 
buffered saline (0.014 M Na,HPO,, 0.003 M NaH,PO,, 0.15 M NaCl, pH 7.4; PBS). 
After the final washing, the sedimented bacteria were resuspended in 10 mL of TSB 
(approx 1 to 5x108 cells/mL). 


B. Radiolabeling Technique 


Cultures of bacteria at a concentration of 1 to 5x108 cfu/mL in TSB were labeled with 
trans *°S-methionine (ICN Radiochemicals, Irvine, CA) or !!!indium-oxine (Amersham, 
Arlington Heights, IL) under identical conditions. Approximately 100 wCi (1103 Ci/mmol) 
of trans *°S-methionine was added dropwise to a 4 mL bacterial suspension in TSB. The 
cells were incubated with continuous mixing for 48 h at 37°C, to obtain a desirable level 
of 35S uptake. In the experiments with '!'indium, the cells were incubated with 
approximately 30 uCi of '''indium-oxine for 2 h, under identical conditions. Following 
the incubation, which ended at the same time for both experiments, the cells were washed 
three times with PBS to remove the unbound labels. The washed, labeled bacteria were 
suspended in 4 mL of TSB; porous caps were used to allow aerobic growth of the bacteria 
where necessary. Due to the high density of bacteria, doubling approximately every 
20 min, cells were subcultured in fresh TSB every 48 h. 


C. Rate of Incorporation of Radioactivity 


Aliquots of cell suspensions were taken at various time intervals during incubation to 
determine the rate of '''indium-oxine or *°S-methionine incorporation into the bacteria. 
At predetermined times, 500 uL of bacterial suspension was centrifuged, and after 
washing the cells twice with PBS, the amount of radioactivity associated with the 
sedimented cells was determined either by gamma counting (!!!In) or scintillation 
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counting (7°S). The incorporation of radioactivity was closely monitored over a 2-h 
period in the case of !!'indium-oxine, and 48 h in the case of 3°S-methionine-labeled 
bacteria. 


D. Test for Bacterial Viability 


The number of bacteria in a given suspension medium was determined every 48 h by 
measuring the optical density (OD) at 600 nm in TSB solution. Suspensions of S. aureus, 
S. epidermidis, or P. aeruginosa in TSB were adjusted to an OD of 1.0 to obtain 10.7x108, 
9.3x108, or 11.0x108 cfu/mL, respectively. 


E. Bacterial Adhesion Studies 


To examine whether the radiolabeling interferes with bacterial adhesion, experiments 
were conducted using solid glass beads (size 3 mm, Scientific Products, McGaw Park, 
IL). '!'Indium-oxine or *°S-methionine-labeled bacteria at a concentration of 
approximately 10° cfu/mL in fresh platelet-poor plasma (PPP) were incubated with the 
glass beads at 37°C. At desired time intervals, nonadherent bacteria were removed by 
washing the beads twice with PBS. The surfaces were then prepared for gamma or 
scintillation counting, or fixed in buffered 2.5% glutaraldehyde for scanning electron 
microscopy. Adherent bacteria (percent of total) were quantified by the amount of radio- 
activity associated with the glass beads. 


F. Gamma and Scintillation Counting 


Every 48 h, the bacteria were centrifuged at 1200 g for 15 min at 4°C, and washed with 
4 mL of PBS. Half the population of cells was subcultured in fresh TSB, the other half 
prepared for scintillation or gamma counting to measure the amount of radioactivity 
associated with the cells. 3°S-labeled bacteria were solubilized in Protosol (New England 
Nuclear, Boston, MA) overnight and then mixed with 6 mL of scintillation cocktail and 
counted in a scintillation counter. For '!'In-labeled bacteria, aliquots of cells were 
transferred into a vial for quantification of radioactivity in a gamma counter. 


G. Scanning and Transmission Electron Microscopy 


Samples of each strain of bacteria, non-labeled (control), labeled with *>S-methionine 
or labeled with !''In-oxine, were fixed in 2.5% buffered glutaraldehyde for 2 h. The speci- 
mens were then dehydrated in graded alcohol, critical-point-dried, coated with 
gold-palladium, and examined under a JEOL SM-35 scanning electron microscope to 
evaluate the effect of radiolabeling on the morphology of bacteria. Additional samples 
were post-fixed in 1.5% osmium tetroxide for 1 h, and processed for transmission 
electron microscopy. 

VI. RESULTS 


A. Rate of “In or *°§ Incorporation 


It was noted that !!'In-oxine incorporation into the cells was significantly more rapid 
than *S incorporation. Although the bacteria were incubated with '!'In-oxine for 2 h, 
results summarized in Figure 1A demonstrate that more than 90% of the radioactivity was 
incorporated by the cells within the first 10 min. The rate of *°S-methionine uptake by 
bacteria under identical conditions was found to be slow and time-dependent (Fig. 1B). 


266 Mohammad and Ardehali 


111-Indium-oxine 





o> 


600 


400 


CPM Incorporated x 1000 





200 4 
35-S-Methionine 








0 20 40 60 80 100 120 140 
Incubation Time (min) 


Figure 1. Relative uptake of '!'Indium oxine and *°S-methionine by S. aureus. Note that 
approx 90% of !!'Indium was taken up in 10 min. 
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Figure 2. Release of radioactive label over a 10-d period. As cells replicate, a portion of the 
cellular contents is released into the suspension medium. 


B. Radiolabeling Efficiency 


Figure 2 shows the amount of radioactivity associated with bacteria at 2-d intervals. 
The results show no significant difference when bacteria were labeled with either 
35S-methionine or !!'In-oxine. Bacteria labeled with *°S-methionine released 
approximately 15+2.5% of their radioactivity every 24 h, while '''In-labeled bacteria 
released 2042.5% of radioactivity in the same time period. The rate of displacement of the 
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Figure 3. This figure demonstrates that radioactive labels are released by viable cells only; 
cells which were fixed after labeling retained their radioactivity. 


label was not dependent on the amount of radioactivity. Since certain intracellular 
components are presumably released in the surrounding medium by the dividing cells, 
bacteria were labeled with !!!n-oxine or *>S-methionine and then immediately fixed with 
2.5% buffered glutaraldehyde to prevent cell division and then incubated for several days 
to investigate spontaneous release of labels. The rate of release of incorporated isotopes 
by fixed cells was less than 1.0% for both isotopes in 48 h (Fig. 3). 


C. Bacterial Viability 


'1Tn-oxine- and *°S-methionine-labeled bacteria showed normal growth patterns. When 
compared with non-labeled bacteria under identical conditions, the growth kinetics were 
indistinguishable (Table 1). These results show that a viable bacterial population can be 
labeled efficiently with either of the two methods. Scanning electron microscopic 
observations showed no morphological changes in nonlabeled (control) or radiolabeled 
bacteria. However, ultrastructural assessments utilizing scanning and transmission electron 
microscopy showed no detectable differences between the non-labeled and labeled cells. 
A few damaged cells were found among control as well as labeled cells with equal 
frequency, suggesting that neither the **S-methionine nor !!!In-oxine caused detectable 
cellular damage.** Moreover, many cells were found to be undergoing cell division 
confirming that the labeling of the cells did not adversely affect cell growth or viability. 


D. Bacterial Adhesion 


Incubation of *°S-methionine or !!'In-oxine bacteria with glass beads resulted in 
identical adhesion patterns for bacteria labeled by either technique (Table 2). This suggests 
that !!!In-oxine labeling does not interfere with bacterial adherence, when compared with 
bacteria labeled with *°S-methionine. 


Table 1. Quantification of Bacterial Growth in the Presence of A: No Labeling Agent (Control), 
B: '1In-Oxine, and C: *5S-Methionine? 





S. aureus S. epidermidis P. aeruginosa 
Days A B C A B C A B C 
0 14.50 14.89 14.12 9.10 8.77 9.12 12.76 12.83 12.71 
2 24.29 23:71 23:50 17.21 17.69 18.01 27.00 26.14 26.43 
4 52.05 53.85 53:26 43.77 43.05 44.47 53.00 52.78 54.58 
6 115.43 112.18 114.88 91.92 90.58 93.04 109.20 119.48 111.88 
8 206.83 210.97 207.86 176.64 170.08 179.52 225.12 218.72 226.40 
10 387.33 383.36 391.99 349.00 336.64 339.52 461.44 453.76 451.60 


Note: A:n=7, B:n=7, C: n= 3, 
a expressed as total number of bacteria in the suspension medium x 108. 
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Table 2. Comparison of the Adhesion 
of !!!In-Oxine- and *5S-Methionine-Labeled S. aureus on Glass Beads! 


Time (hours) 'l'Tn-Oxine labeling (% adhesion) | *°S-Methionine labeling (% adhesion) 
1 12.2+1.1 10.2 + 0.9 
12 7.6 + 0.4 8.7411 
24 4.2 +0.4 6.0 + 0.8 
“n=3 


E. Conclusions 


The results summarized in the preceding paragraphs show that: 1) bacteria can be 
effectively labeled with B- or y-emitters; and 2) there is no indication that labeling 
significantly alters cell behavior. The advantages of labeling bacteria with '!'indium 
include short incubation time, enhanced sensitivity and the ease with which cells adherent 
on surfaces can be quantitated. 


VII. AREAS OF CONCERN AND IMPROVEMENT 


The risk of infection with implanted devices, and emerging literature suggesting that 
bacteria may exhibit enhanced affinity for certain biomaterials, has triggered the need for 
careful assessment of bacterial interaction with materials. Since the use of prosthetic 
devices is rapidly increasing, the need for an enhanced pace of efforts to prevent device 
infection has also increased. Consequently, efforts are in progress to modify the interfaces 
by a variety of methods including the incorporation of antibacterial agents. These efforts 
have also brought to focus the need for better methods to investigate pathogen—material 
interaction. This includes development of methods to closely monitor and quantify 
bacterial adhesion and colonization. Labeling with !!!In appears to be well suited for 
quantitative assessment of bacterial adhesion. The advantages of !!!In relate to its labeling 
efficiency, y-emitting properties, short half-life, and low toxicity. Unlike B-emitters, where 
labeled microorganisms adherent to surfaces must be removed quantitatively for scintilla- 
tion counting, !!'In-labeled bacteria can be readily assessed sequentially in situ during the 
course of an experiment. Other y-emitting ligands have not shown the same promise as 
11n, Studies conducted with ”°Se-selenomethionine, also a y-emitting radioisotope, have 
shown that 7>Se has low labeling efficiency (5-21% for P. aeruginosa and S. aureus), and 
therefore is not as suitable an isotope for labeling bacteria as !!!In.!° 

Concerns relating to the detrimental effects of '!'Inon cells have been raised in the 
published literature. Therefore, to employ the !!In labeling method for studying bacterial 
interaction with biomaterials in vitro or in vivo, it is important that labeled cells remain 
viable and exhibit normal functions. The cellular damage could occur in part due to either 
the radiation emitted by the radioactive tracer, or the toxicity of the oxine.”* !!'In forms a 
saturated (3:1) complex with oxine similar to that of oxine-iron complex. The extent of 
cell damage caused by nominally carrier-free '!'In-oxine has been investigated, and other 
'llTn-chelates have been developed. However, it has been documented that oxine, when 
used under appropriate conditions, does not adversely affect the cells. Based on growth 
kinetics and ultrastructural studies, neither the toxicity of oxine nor the !!!In radiodecay 
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showed any detectable effect on the labeled cells. Nonetheless, further studies are 
warranted to investigate the possible mutagenic effects of the labeling agents. 

The mechanism by which !!'In-oxine complex is incorporated into the cells is not well 
understood.” However, the lipophilic nature of the oxine chelating agent allows the 
complex to penetrate the cell membrane. !!'In-labeling studies performed on platelets 
have revealed that once within the cell, '!'In-oxine complexes dissociate, resulting in the 
binding of '''In ions to cytoplasmic components with mol wt of approx 25,000—46,000. 
This has led to the suggestion that !!!In released from the cells will not be re-utilized.? 
The uniform distribution of the labels within the cell and the precise localization of 
radioactivity in the cell have not been established and further research in this field is 
warranted.?*4 


VIII. CONCLUDING REMARKS 


Considering that all implanted devices carry the risk of infection with associated 
increase in morbidity and mortality, the need for a better understanding of the 
mechanism(s) by which pathogens adhere and colonize a device is not only a scientific 
curiosity but also an economic necessity. Various approaches to studying bacterial 
interaction with biomaterials have been enumerated in this chapter. While each method 
has advantages and limitations, and bacteria labeled with '''In offer a simple and direct 
approach to assess bacterial adhesion to materials, a need exists for a universal method 
that would allow investigators to track adhesion followed by colonization in short term as 
well as long term implants. Bacteria labeled with radioactive tracers cannot be used to 
investigate long term interactions, and labeled bacteria have limited utility for studies in 
vivo. The use of molecular biology tools and incorporation of reporter genes hold 
significant promise particularly for studies involving interaction of pathogen with devices 
in Vivo. 
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Evaluating Adherent Bacteria and Biofilm 
Using Biochemical and Immunochemical Methods 
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I. INTRODUCTION 


In its infancy, the study of microbial adhesion relied heavily upon direct measurements 
of cell number or cell mass as a means of quantitation. This was generally accomplished 
by microscopic enumeration of surface-bound microorganisms, spectrophotometric 
measurements of stained or unstained biofilm layers, scintillation counting of 
radiolabeled microorganisms, or colony count determinations of organisms dislodged 
from a colonized surface. These assays were often time consuming and labor intensive, 
required handling and disposal of radionuclides or provided only crude measurements of 
biofilm density. As the study of microbial adhesion grew in complexity over the past 
decade to include an examination of interactions with eukaryotic cell surfaces and 
synthetic or biological polymers, the need to develop assays with increased versatility, 
sensitivity, and economy of scale became paramount. In contrast to earlier methods, the 
techniques used to evaluate microbial adhesion that will be reviewed in this chapter rely 
upon the quantitation of indirect markers as a proxy for microbial cell count or biofilm 
density. These procedures can be further subdivided into two basic categories: 
immunologic methods that target cell surface antigens as an indication of microbial 
adhesion and biological assays that measure organism-specific enzyme activity as 
evidence of surface colonization. While there are numerous descriptions of each type of 
assay reported for a wide variety of microorganisms, only a select number of reports will 
be discussed as examples of each. 


Il. ENZYME IMMUNOASSAY 


The enzyme-linked immunoassay (EIA) was initially developed to supplant the radio- 
immunoassay as a comparably sensitive diagnostic workhorse in the diagnostic clinical 
laboratory without the problems associated with the use of radioactive materials. EIAs 
have been used for a multitude of purposes in that arena but most often to establish a 
serologic response to a variety of infectious agents or as a means of detecting the presence 
of endogenous or exogenous antigens characteristic of a specific disease process. In one 
iteration of the EIA, an antibody conjugated with an enzyme is used to detect a target 
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antigen that has been adsorbed to a solid phase. Upon addition of the appropriate substrate, 
a colored, fluorescent, or chemiluminescent reactant is produced that can be quantita- 
tively measured using a spectrophotometer or luminometer.* It wasn’t long before 
researchers in the field of bacterial adhesion recognized the potential for this technique in 
the study of microbial binding to both animate and inanimate substrata. Not only do EIAs 
preclude the use of radiolabeled substances, but they are adaptable to automation, allow a 
large number of analyses to be run simultaneously, are far less labor intensive and more 
objective than microscopic quantitation and eliminate the need for transparent substrata. 
In addition, the EIA is particularly suited for studies involving the adhesion of microor- 
ganisms to eukaryotic cell surfaces. 

In one of the first published reports to exploit an EJA specifically for the purpose of 
measuring bacterial adhesion, Stanislawski et al.3? examined the attachment of type 1 
fimbriated Escherichia coli (mannose-sensitive) and Streptococcus pyogenes to human 
skin and lung fibroblast cell lines and human buccal epithelial cells as a function of 
endogenous and exogenous fibronectin concentrations. For this assay, a standardized 
bacterial inoculum (~5x108 cfu/mL) was prepared in PBS from broth cultures. All cell 
lines were cultured to confluence in 96-well polystyrene tissue culture plates, washed, 
and fixed with 0.25% glutaraldehyde for 10 min at 4°C followed by a 30 min incubation 
with 0.2 M glycine and 0.1% bovine serum albumin (BSA) at room temperature. The 
authors had previously determined that fixation caused no obvious changes in bacterial 
adhesion when compared to nonfixed monolayers and prevented the significant loss of 
cells in the monolayer during the numerous wash steps required by the EIA. To perform 
the assay, the cell monolayers were washed with PBS and exposed to 100 uL of the 
bacterial inoculum containing 10 mg/mL of hemoglobin to prevent nonspecific adhesion. 
The wells were incubated for 30 min at 37°C, washed five times with PBS, and overlaid 
with 100 uL of appropriately diluted rabbit anti-S. pyogenes or E. coli antisera. The plates 
were incubated at room temperature for 30 min, and washed five times with 0.9% NaCl 
containing 0.05% Tween 20 and 0.02% NaN3. One-hundred uL of diluted, affinity-purified 
goat anti-rabbit IgG conjugated to alkaline phosphatase was added to each well and the 
plates were incubated for 40 min at room temperature. After five additional washes, 
100 uL of substrate (p-nitrophenyl phosphate) was added to each well and the plates were 
incubated for 20 min after which the absorbance of each well was measured at 405 nm 
(A459) using a microEIA reader. Bacterial adhesion was expressed in relative EIA Units 
based upon Ayo; readings or as a percentage of a control when binding in the presence of 
increasing exogenous fibronectin was examined. No attempt was made in this study to 
correlate EIA Units with the actual number of bacteria bound to the cellular substratum. 

In 1986, Ofek et al.*° modified this basic procedure and also introduced the concept of 
replacing the primary antibody/antibody-conjugate detection system with biotin-labeled 
bacteria. Once again, the study involved the adhesion of S. pyogenes and various strains 
of E. coli to human buccal epithelial cells and to porcine enterocytes. For this study cells 
were collected by scraping, washed and suspended in PBS to the desired concentration. 
The wells of flat-bottomed microtiter plates were treated with 1 M lysine, 1.25% 
glutaraldehyde, and PBS, respectively, prior to the addition of cells. The cells were 
allowed to settle for 10 min after which the plates were centrifuged, the supernatant 
removed, and the plates dried overnight at 37°C. To perform the adherence assay with 
antibodies, all wells were incubated with 100 uL of blocking agent (see below) for 1 h at 
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37°C and washed four times with PBS prior to the addition of 100 uL of the bacterial 
inoculum. The inoculated plates were rotated horizontally for 1 h at room temperature and 
washed five times with PBS. The plates were fixed by heating at 65°C for 10 min. From 
this point forward, the procedure was essentially identical to the method described previ- 
ously? except for the use of a peroxidase-conjugated detection antibody and a 
5-aminosalicylic acid substrate. The reaction in this case was monitored at 450 nm. 

Several unique developments resulted from this investigation that have laid the 
foundation for continued use of EIA as a means of assessing microbial adhesion. First, by 
comparing methodologies, the authors were able to conclude that there was good 
correlation between EIA and microscopic determinations of cell-bound S. pyogenes 
ranging from 10 to 200 bacteria per cell. Secondly, the investigators observed that the 
choice of blocking agent is critical to prevent nonspecific bacterial adhesion to the acti- 
vated plastic wells and yet must be optimized so as not to interfere with specific bacterial 
attachment to cells. In this study, a 5% solution of bovine serum albumin (BSA) in PBS 
was used for assays involving E. coli while a 20 mg/mL solution of hemoglobin in PBS 
was selected for use with S. pyogenes. Finally, one of the most significant contributions to 
the development of EIA for studies of bacterial adhesion involves the use of biotinylated 
bacteria. For this, a strain of E. coli was suspended in 0.1 M carbonate buffer (pH 8.2) to 
an absorbance of 0.7 A4sq. Biotin-n-hydroxysuccinimide (10 mg/mL in dimethyl sulfox- 
ide) was added to the bacterial suspension (12.5 uL/1 mL of bacteria) and incubated for 
2 h at room temperature. The cells were then washed and resuspended in PBS to the 
desired concentration. Fifty uL of the biotin-labeled bacteria were added to washed and 
blocked wells and incubated for 40 min at 37°C. The plates were washed and heat fixed 
prior to the addition of an avidin-peroxidase conjugate for 30 min at 37°C. After washing, 
100 uL of the O-phenylene-diamine substrate was added to each well and the color reac- 
tion was measured at A459 as described above. This process circumvents the need for 
primary and conjugated antibodies and eliminates one step in the assay. The authors 
concluded that biotinylation did not alter the binding characteristics of E. coli as the 
results for experiments using the EIA or biotin-labeled assays were nearly identical. Both 
assays were effectively employed to evaluate promoters and inhibitors of bacterial 
adhesion to cellular targets including BSA and lipoteichoic acid for S. pyogenes, and 
mannose analogs and fimbriae for E. coli. 

Over the next several years, the innovative use of EIA that emerged from the study of 
Ofek et al.?° was used repeatedly to explore a variety of bacterial—cellular interactions 
including the adhesion of fimbriated E. coli to renal tubular cell lines,”! the binding of 
group B streptococci to peritoneal macrophages,*! and investigations involving antibody- 
mediated inhibition of: 1) Hemophilus influenzae type b binding to buccal epithelial cells!” 
2) Pseudomonas aeruginosa adhesion to buccal epithelial cells”? and, 3) S. aureus attach- 
ment to bovine mammary epithelial cells.” Athamna and Ofek” and Athamna et al.? later 
modified the EIA to examine time-dependent attachment and ingestion of Klebsiella 
pneumoniae by macrophages of alveolar, peritoneal, and peripheral blood origin. Two of 
these investigations took advantage of the direct biotinylation EIA procedure!*?’ while 
the remaining studies used the standard antibody sandwich EIA format. Sexton and Reen”? 
determined that a linear relationship existed between EIA absorbance values and the cell 
density of the bacterial inoculum used to coat individual wells which ranged from 10° to 
108 cfu/mL for uncoated plastic wells and from 10° to 10° bacteria/well for wells coated 


276 Dunne 


with buccal epithelium. Others were also able to demonstrate a linear relationship between 
absorbance value and the actual number of organisms per well ranging from 2x105 and 
5x10° cfu/well for K. pneumoniae? and from 6x104 to 6x10° cfu/well for group B 
streptococci?! by constructing a standard curve using a known number of organisms 
immobilized to microtiter wells after correcting for the loss of bacteria caused by washing. 
An EIA protocol similar to the assay of Ofek et al.*° was also developed by Filler and 
colleagues to explore the binding of Candida albicans to human umbilical vein endothe- 
lial cells.!° These authors found a linear relationship between the logo absorbance value 
and the logio number of attached cells/well. 

While the majority of studies in which EIA was used to assess microbial adhesion have 
been limited to interactions between organisms and animate (cellular) substrata, Fish et 
al.!! adapted the assay to evaluate the hydrophobicity of Bordetella pertussis and B. 
bronchiseptica by examining the binding of individual strains to polystyrene microtiter 
wells. Rather than developing standard curves, absorbance values were normalized for 
the binding affinity of each strain for the conjugate antibody by comparison with a refer- 
ence strain. This value was then used to correct adhesion values and to determine the 
percent adhesion (also by comparison to the reference strain). 

In 1994, Skurnik et al.°° developed an innovative “on-slide” adaptation of the EIA that 
allowed quantitative evaluation of bacterial adhesion to tissue sections. For this assay, 
8 um frozen sections of tissue (in this case, human distal ileum or proximal colon) were 
mounted on sterile microscope slides and fixed in methanol containing 2% H,O, for 
30 min. The slides were then washed, blocked with 3% BSA in PBS, washed, blocked 
again with 10% sheep serum in 3% BSA-PBS (to decrease background absorbance) and 
washed once more. The sections were overlaid with 100 uL of a bacterial suspension (in 
this report, Yersinia enterocolitica or E. coli), incubated in a moist chamber with gentle 
rotation at 4°C for 15 min and washed to remove unbound bacteria. The sections were 
then overlaid with organism-specific murine monoclonal antibody, incubated for 15 min 
at room temperature, washed, and overlaid with 100 uL of diluted peroxidase-conjugated 
rabbit anti-mouse antibody for 15 min at room temperature. The sections were then washed 
twice and overlaid with 100 uL of substrate (3 mg 1,2-phenylendiamine/mL of citrate 
buffer with 10 uL of 30% H,O,/15 mL of buffer) for 10 min at room temperature. From 
each section, 75 uL of the substrate was transferred to a microtiter plate well and 125 uL 
of 1 M HCL was added to stop the color reaction. The absorbance of the well was then 
read at A492. The assay showed a linear relationship between absorbance values and the 
bacterial concentration from 5x10° to 5x108 organisms/section. The real beauty of 
this assay is that the same procedure can be used to examine bacterial adhesion by three 
different methods; gram-stain, immunoperoxidase staining, and EIA. Recently, the 
on-slide EIA assay was used not only to evaluate bacterial attachment to tissue sections 
(rat kidney) but also to quantitate bacterial binding to glass slides coated with extracellu- 
lar matrix molecules cluding collagen, laminin, and fibronectin.’ 

The final variation on the EIA theme to be reviewed in this section was described by 
Nilsson et al.”> and was used to examine the binding of strains of E. coli (P-fimbriated and 
nonfimbriated) to immobilized carbohydrate receptor molecules. The nuances of this 
protocol are far too detailed to describe here but can be summarized as follows. 
Microbeads (latex or Dynosphere, 0.2-5) were coupled with [Gal(a1-4)Gal(B)]-BSA and 
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Table 1. Reported Configurations of EIA-Based Assays 
for the Investigation of Microbial Adhesion 


Substratum 


Murine macrophages 


Guinea pig and human macrophages 


Human colon and Lewis rat kidney 


sections; collagen, fibronectin 
and BSA-coated glass slides. 


Human umbilical vein endothelium 


Polystyrene 


Human buccal epithelium 
Porcine renal tubular cells 
Ligand-coated polystyrene film 


Human buccal epithelium 
Porcine enterocytes 


Bovine mammary epithelium 
Human buccal epithelium 


Human distal ileum and proximal 
colon sections 


Human skin and lung fibroblasts, 
buccal epithelium 


Murine macrophages 


Organism(s) 

K. pneumoniae 
K. pneumoniae 
Y. enterocolitica 
E. coli 


C. albicans 


B. pertussis 
B. bronchiseptica 


H. influenzae type b 
E. coli 
E. coli 


S. pyogenes 
E. coli 


S. aureus 
P. aeruginosa 


Y. enterocolitica 
E. coli 


S. pyogenes 
E. coli 


Group B streptococci 


Inhibitors 


Mannose analogs 


Capsular polysaccharide, mannan, 


mono-, di-, and oligosaccharides 


Pili antibodies 


Fimbriae inhibitors and mutations 


Lipoteichoic acid, albumin, mannose 


analogs, purified fimbriae 


Immune sera and milk 


Collagen, laminin, and YadA 


Fibronectin 
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30 


32 


31 


with alkaline phosphatase. Polystyrene strips were coated with [Gal(a1-4)Gal(B)]-BSA 
alone. The strips were blocked, washed, and incubated for 30 min in suspensions of the 
strains of E. coli. After washing again, the strip was then incubated for 30 min. with the 
microbead suspension. The strips were then washed, incubation with p-nitrophenyl 
phosphate substrate, and the color intensity was measured spectrophotometrically at A495- 
The sensitivity of the assay ranged from 10° to 107 cfu/mL of inoculum and thus provided 
as sensitive and flexible means of evaluating ligand-receptor interactions among 
microorganisms. 

A summary of the uses of EIA discussed in this section for the quantitation of 
microbial adhesion is presented in Table 1. 
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II. FLUORESCENT AND IMMUNOFLUORESCENT ASSAYS 


Fluoroprobe-based assays have traditionally been developed for the same purposes as 
enzyme immunoassay, i.e., for the detection of antibodies and antigens in biological 
tissues or fluids without the need for radiolabeled materials. Fluorescent immunoassays 
have been used in both qualitative and quantitative formats with the latter demonstrating 
sensitivities comparable to radioimmunoassay,” so it is not surprising that direct 
fluorescent and immunofluorescent methods have found use in the field of bioadhesion. 
Of the examples chosen to review here, the study of Sveum et al.** was the first to describe 
a quantitative fluorescent method to investigate the binding of Streptococcus pneumoniae 
to human peripheral blood monocytes (PBMC). For this assay, pneumococci (1.5x10? 
heat-killed organisms) were labeled with Lucifer Yellow (1 mg/mL in 0.1 M NaHCO;, 
pH 9.5) for 2 h at room temperature and washed. Labeled pneumococci were incubated 
with PBMC (50 organisms/cell) for 30 min at 0°C to permit attachment but reduce inges- 
tion. Unattached bacteria were removed by centrifugation and attached organisms were 
stained with anti-Lucifer Yellow antibodies conjugated with biotin, washed, and reacted 
with a streptavidin-Texas Red conjugate and washed again. The monocytes were then 
fixed in 1% paraformaldehyde and analyzed by dual laser flow cytometry. The total num- 
ber of bound bacteria was determined by subtracting the mean fluorescent value of the 
monocytes alone from monocytes with attached organisms and then dividing by the mean 
fluorescent value of the pneumococci alone. The authors noted good correlation between 
the flow cytometry results and direct quantitation by phase contrast fluorescent 
microscopy. Dunn and colleagues” used a classic indirect immunofluorescent assay in 
conjunction with flow cytometry to examine the attachment of unlabeled Helicobacter 
pylori to various gastric carcinoma cell lines. The basic protocol was nearly identical to 
that described by Sveum et al.** except that cell-bound organisms were detected by 
reacting cells first with anti-H. pylori rabbit serum, followed by washing, incubating with 
fluorescein isothiocyanate-conjugated goat anti-rabbit antisera, washing, fixing, and flow 
cytometry analysis. A similar strategy was employed by Li and Walker!’ to evaluate the 
binding of Rickettsia conorii and R. rickettsii to a mouse fibroblast cell line. In contrast, 
Almeida et al! avoided the use of antibody and conjugates by developing a direct fluores- 
cent labeling procedure for their investigation of the adhesion of Streptococcus uberis to 
polystyrene microwells coated with fibronectin, collagen, and laminin. To accomplish 
this, bacteria (5x10° cfu/200 uL) were mixed with 350 uL of 2',7'-bis-(2-carboxyethyl)-5- 
carboxy fluorescein cetomethyl ester (45 g/mL) for 45 min at 37°C. 

An inoculum containing 1x107 labeled bacteria is added to each microwell, incubated 
for 60 min and washed. Bacteria bound to the substratum were measured fluorometrically 
and the results were expressed as a percentage of the initial fluorescence of the inoculum. 


IV. BIOLUMINESCENT ASSAYS 


Unlike the previous section, the assays to be presented under this heading represent a 
diverse collection of procedures that have been designed to study the interactions between 
a wide variety of microorganisms and substrata. One of the most frequently cited and 
universally applied methods within this category is the ATP bioluminescence assay. In 
1983, Harber et al.!? reported on the use of a rapid bioluminescence assay to examine the 
adhesion of strains of E. coli to polystyrene tubes. For this procedure, 300 uL of a bacterial 


Biochemical and Immunochemical Methods 279 


inoculum containing ~1x108 cfu/mL was placed in triplicate polystyrene tubes which 
were incubated for 10 min at 37°C. The inocula was aspirated and the tubes were washed 
twice with PBS. ATP was extracted from surface-bound organisms using a nucleoti 
de-releasing reagent (Lumac, Sterilin, UK). The extracted ATP was measured using a 
luminometer after adding 100 uL of ATP-monitoring reagent (firefly luciferin/luciferase, 
LKB) to 200 uL of sample extract. The adhesion ratio per 1000 inoculum cells was 
calculated as: 
Mean mV of extract x 1000 


mV reading of extract of bacterial inoculum x 15 (volume correction factor) 


The intra-assay precision of this method in terms of coefficient of variation for 
12 replicate samples was 8.5% and the limit of detection was 0.2 pmol ATP in a 200 uL 
sample: approx 5 (10° organisms/mL of inoculum) or about 1 (104 attached bacteria/tube). 
Later, Ludwicka et al.!°”° modified the protocol to examine the adhesion of staphylococ- 
cal species to synthetic polymers. Polymer pieces were cut into 6 mm disks, 
sterilized, and incubated with 250 uL of a bacterial inoculum (108 cells/mL) for 1 h at 
20°C. Unattached bacteria were removed by washing and bacterial ATP was extracted 
from the surface using 50 uL of trichloracetic acid (TCA). ATP monitoring reagent (1 mL) 
was then added to the ATP extract and the light emitted (I) was measured in a luminometer. 
Immediately after measurement, 20 uL of an ATP standard was added to the cuvette and 
the increase in light emission (Iqa) was recorded. The bacterial ATP content was 
calculated as I/Is,q x ATP concentration of the standard. The number of attached bacteria/cm? 
was calculated from standard curves prepared with known numbers of organisms in 
suspension. However, the authors cautioned that the standard curve must be prepared at 
the same time that polymer disks are extracted because the ATP content of bacteria in 
suspension decreases with time. Mean values of 3 samples of each polymer were taken as 
the final result. The ATP content of the extract was found to be linear with respect to 
bacterial density between 10° and 108 cfu/mL. 

The same procedure with minor modifications was used over the past decade to examine 
the adhesion of S. aureus and S. epidermidis to catheter segments,!° strains of 
S. epidermidis to polystyrene microtiter wells,!> and staphylococcal species to films of 
poly(ether urethane) and polyethylene in the presence and absence of serum and plasma 
proteins.**3 The correlation coefficient of the assay in terms of viable bacterial count 
versus ATP concentration (in nmoles) ranged from 0.62!° to 0.98.28 However, Stollenwerk 
et al.3? noted that a standard curve had to be generated for each strain tested because of the 
wide divergences of bacterial ATP content. Furthermore, growth conditions also 
influenced the correlation coefficient of the curve for a single strain such that separate 
standard curves would be required for different media. These authors did observe a linear 
relationship between the log of the bacterial ATP content and the log of the bacterial 
count. 

Hibma et al.!4used a more creative approach to the bioluminescent assay. In their study, 
the authors used a strain of Listeria monocytogenes containing a plasmid for the lux AB 
gene which allowed for the expression of endogenous luciferase. By using this strain, and 
an L-form of the strain selected by growth in ampicillin, the authors were able to directly 
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evaluate bacterial adhesion to pieces of stainless steel and intravenous tubing by adding a 
luciferase substrate to the substratum after planktonic bacteria had been removed. As 
before, the light produced was measured in a luminometer. Regression analysis of viable 
bacterial counts and bioluminescent readings for classical and L-form cultures produced 
correlation coefficients of 0.96 and 0.79 respectively. 


V. ENDOGENOUS MICROBIAL ENZYME ACTIVITY 


The activity of surface-bound microorganisms has also been estimated indirectly by 
measuring the rate of substrate utilization by endogenous microbial enzymes. In the assay 
described by Ladd and Costerton,!” the bacterial glucose oxidase activity of a bacterial 
biofilm is measured using the method of Trinder*> where p-glucose is oxidized to 
D-gluconic acid by glucose oxidase which is then converted to a quinoneimine dye by 
peroxidase. For this procedure, bacterial-coated substrata are placed in vials containing a 
1 mg/mL glucose substrate. The vials are incubated and the glucose concentration of the 
solution is monitored over time and compared to a standard curve. Samples (25 uL) are 
transferred from the vials to cuvettes containing 2.5 mL of glucose oxidase/peroxidase 
reagent. The mixture is incubated at 37°C for 10 min. and read spectrophotometrically at 
505 nm. However, because the glucose solution can stimulate growth, the bacterial density 
of the test vials must be continuously compared to a control vial containing no glucose by 
determination of colony counts scraped from the surface of the substratum over time.”* 

In 1987, Minami and colleagues” devised an assay using endogenous bacterial galac- 
tosidase activity as a means of quantitating the adhesion of enteropathogenic E. coli to 
Hep-2 monolayers. To carry out this assay, strains of E. coli were grown in 1% tryptone 
broth with 0.2 mM isopropul-thio-D-galactose (a-galactosidase inducer) while Hep-2 cells 
were cultured in 96-well tissue culture plates. Prior to use, the monolayers were washed 
with PBS and inoculated with 10-20 uL of a bacterial suspension to give 1x10’ organ- 
isms per well. The wells were supplemented with 200 uL of cell culture medium contain- 
ing 0.5% D-mannose to inhibit adhesion by type 1 pili. The wells were then incubated for 
30 min at 37°C, and washed three times to remove planktonic bacteria. Eighty uL of 
assay buffer (0.1 M sodium phosphate, pH 7.0 with 1 mM MgSO, and 0.1 M 2 mercapto- 
ethanol saturated with toluene) was added to each well. The plates were incubated for 
30°C for 10 min followed by the addition of 80 uL of assay buffer containing 4 mg/mL of 
orthonitropheyl-galactoside. The volume of each well was adjusted to 210 uL with assay 
buffer and the absorbance of each well was read at 405 nm after incubation for 2 or 4 h at 
30°C. By constructing a standard curve of A4o5 versus viable attached bacteria, the authors 
were able to demonstrate that the assay was linear from 5x10* to 2x10° organisms per 
well. The sensitivity of the assay could be improved by prolonging the incubation period 
after the addition of substrate from 2-4 h. However, the authors also noted that o-galac- 
tosidase activity varies from strain to strain, possibly necessitating the construction of 
standard curves for each individual strain. 

Dunne and Burd®7* took advantage of endogenous urease production by Staphylo- 
coccus epidermidis to measure the effects of divalent cations, EDTA, pH, albumin, 
fibronectin, and fragments of fibronectin on the adhesion of this species to polystyrene 
microwells. To perform the assay, bacteria from an overnight broth culture were harvested 
by centrifugation, washed in PBS, and diluted to the desired bacterial density. Eight wells 
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of a sterile 96-well flat-bottomed tissue culture plate were inoculated with 100 uL of the 
bacterial suspension and incubated for 1 h at 37°C. Studies had shown that extended 
incubations did not result in a significant increase in adhesion. The wells were washed 
four times with distilled water to remove planktonic bacteria and 100 uL of a commercial 
EJA-grade urease reagent was added to each well. Eight uninoculated wells served as a 
reagent control. The plates were again incubated at 37°C and the color intensity was 
recorded at 10 min intervals at 570 nm using a microEJA reader which had been set to 
zero using the reagent control wells. Surface-bound bacteria produced a linear increase in 
absorbance with time until the substrate was depleted. On the basis of rate kinetics, a 
standardized inoculum containing 2x108 cells/mL was selected. The sensitivity of the 
assay did not extend below 3x10? bacteria/well and above 3.5x108 organisms, substrate 
depletion became rate limiting. The linearity of the assay extended from 3x10‘ to 3.5x107 
organisms per well with a correlation coefficient of 0.974. 


VI. MISCELLANEOUS ASSAYS 


A number of protocols have been established using radiospirometry to estimate the 
heterotrophic activity of microbial biofilms. These methods have been thoroughly 
reviewed by Ladd and Costerton!’ and will not be examined in detail here. Briefly, the 
premise behind radiospirometric techniques relies upon the evolution of '4CO, from !4C- 
labeled substrates such as glucose and glutamic acid by actively metabolizing, surface- 
associated microorganisms. The !4CO, product is trapped, measured, and compared to 
acid-killed controls in either a single, or kinetic readings. For the most part, 
radiospirometric determinations have been used qualitatively and, due to the inherent 
complexity of the measurements, have been replaced by technically less demanding, 
nonisotopic methods. 

Similar to spirometric methods, the formazan reduction assay targets actively respirating 
organisms within a biofilm. The assay is based upon the ability of the electron transport 
systemof aerobic organisms to use 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazo- 
lium chloride (INT) as a terminal electron acceptor. During the process of oxidative 
phosphorylation, the straw-colored dye is reduced to a dark red formazan product which is 
deposited intracellularly. The assay was originally designed as a microscopic determi- 
nation?ć but has since been formatted for use as a semi-quantitative spectrophotometric 
method.!7 The assay is performed by placing a sample of the colonized surface into a sterile 
vial containing 5 mL of sterile PBS (pH 6.8) and adding 1 mL of a 0.2% aqueous solution of 
INT. The vial is incubated for 20 to 30 min in the dark at room temperature after which the 
sample is removed, rinsed with PBS, and placed in a separate vial. The intra-cellular 
formazan is extracted with 4 mL of absolute ethanol at 37°C for 1 h. The extracted formazan 
is then measured spectrophotometrically at 495 nm. A number of problems are inherent 
with this assay including incomplete extraction of the formazan dye and interference with 
copper and iron ions or erythrocytes. Although not reported, it is apparent that the formazan 
assay could be easily adapted for use with 96-well polystyrene microtiter plates. 


VI. SUMMARY 


The diverse spectrum of methods reviewed in this chapter has allowed researchers to 
examine the process of microbial adhesion and biofilm formation in greater detail and 
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with greater efficiency. Immunological and biochemical-based procedures have improved 
the sensitivity and objectivity of adhesion assays and at the same time permitted the use of 
the 96-well microtiter plate format for large-scale investigations For the most part, these 
methods are highly versatile in that they can be used for a wide variety of organism- 
substrate combinations including both animate and synthetic surfaces. Even though the 
full potential of these methodologies has yet to be realized, it is possible that many of 
them will eventually be replaced by far more sensitive quantitative genomic amplification 
assays. 
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I. INTRODUCTION TO ATOMIC FORCE MICROSCOPY 


The Atomic Force Microscope (AFM) is a scanning probe microscope invented in 1986 
by Binnig, Quate, and Gerber in order to image surface features of planar substrates with 
atomic resolution.*? The AFM consists of a cantilever that scans a planar substrate 
resulting in a topographic map of the surface features of the substrate. Standard AFM 
cantilevers have sharp, pyramidal, silicon nitride tips at their ends that contact the surface 
during imaging (Fig. 1).*° During imaging the AFM cantilever experiences a repulsive 
force that originates from the overlap of electron orbitals between atoms of the tip and the 
substrate.? As the cantilever scans the substrate, features on the surface cause the 
cantilever to deflect. Cantilever deflection is detected using a laser which is reflected off 
of the cantilever into a photodiode, in accordance with the optical lever rule (Fig. 1).?7>! 

In addition to imaging, the AFM can also be used to measure the forces of interaction 
between cantilevers and planar surfaces. In force mode, the substrate is first moved 
towards, and then retracted from the cantilever. Because this chapter focuses on the initial 
interaction of bacteria as they approach a surface, only the approach portion of AFM 
force curves will be considered. As the surface approaches the cantilever, at some critical 
distance of separation, the cantilever tip will either be attracted to and deflected down 
towards the surface or repelled away from and deflected up away from the surface. 
Therefore, tip deflection reflects the attractive or repulsive interaction of the cantilever 
with the substrate as a function of distance of separation. 

Silicon nitride tips, known to assume a net negative charge in neutral solutions, !48 are 
limited in the types of interactions they can represent for AFM studies. A number of 
groups, however, have used the AFM to analyze interactions between planar surfaces and 
materials other than silicon nitride by attaching particles onto AFM cantilever 
tips. !:2-10.14.15.17.52 For example, AFM cantilevers have been modified by attaching 
microspheres or even metallic shards to their tips in order to measure the interactions of 
colloid particles with surfaces, !:2:10-14.15.17,52 
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Figure 1. Schematic of atomic force microscope (AFM) 


II. BIOLOGICAL APPLICATIONS OF AFM 


Atomic force microscopy is ideally suited for biological studies because it does not 
require a conductive surface, and as a result: 1) the pretreatment of the biological samples 
for AFM experiments is minimal in comparison to manipulations required by other 
microscopic techniques (e.g., SEM), and 2) experiments can be executed under 
physiological conditions. Milder treatment of biological samples minimizes artifacts in 
the ensuing images. Moreover, images and force measurements can be executed in buffer 
solutions representative of natural biological environments. The AFM has been used to 
image microscopic biological particles ranging from DNA to membrane proteins to 
mammalian cell surfaces and intracellular structures.7+7>-7846.495! In addition to imaging, 
the AFM has also been used to measure the forces involved in various biological 
interactions. The AFM, which is sensitive enough to detect forces in the picoNewton 
range,!! has been employed to quantitatively measure the forces between complementary 
DNA base pairs,* DNA strands,?? biotin-avidin,!!!° and antibody-antigen pairs.” 13-36-44 
Recently, the AFM has also been adapted to cell adhesion studies. Bowen et al. measured 
the pull-off force between single yeast cells glued to AFM cantilevers and planar sub- 
strates. The force required to remove cervical carcinoma cells attached to protein-coated 
hydrophilic and hydrophobic polystyrene substrates was measured by using the AFM 
cantilever to displace or push a cell off of the substrates.“ Sagvolden et al.4> employed an 
inclined AFM cantilever and a laser beam deflection system to measure the force applied 
to displace individual cells. Carcinoma cells were found to attach to protein-coated 
hydrophilic surfaces stronger and faster at 37°C in comparison to 23°C.* Nevertheless, 
these studies do not address the more relevant problem in the context of surface- 
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associated infections, namely what are forces exerted on cells as they initially approach a 
synthetic surface. 

The first and least understood step in the adhesion of bacteria to inanimate surfaces is 
the initial attraction or repulsion of bacteria by the substrate. This initial interaction 
between the bacteria and a surface is a reversible, nonspecific process governed by the 
physiochemical properties of the bacterial cell and substratum surfaces (i.e. the respective 
surface free energies and surface charge densities), as well as the properties of the 
interstitial fluid.®!7.233!33-35.38.40 Whether a cell is attracted to or repelled away from a 
surface depends on the balance between van der Waals forces (which for bacteria 
interacting with planar surfaces scale approximately with 1/D?, the distance of 
separation’), electrostatic interactions, short-range hydration and/or hydrophobic 
interactions, and steric effects due to the overlap of surface bound polymers.*? If the 
approach of bacteria to a surface is unfavorable, cells must overcome an energy barrier in 
order to establish direct contact with the surface. Only when the bacteria are in close 
proximity to the surface do short-range interactions become significant. Short-range 
interactions include protein—ligand binding events mediated by a plethora of microbial 
adhesins, and, in some cases, the production of extracellular polymers, rendering the 
binding process practically irreversible. 1223-38 

In earlier studies, bacterial adhesion was evaluated by enumerating the cells remaining 
attached to a surface following periods of incubation and rinsing.'*** There are several 
problems with this approach. First, the number of bacteria that remain associated with the 
surface depend on both long-range attractive/repulsive interactions as well as short range 
biospecific interactions. Second, the data obtained from such studies depend strongly on 
the experimental protocol such as incubation and rinsing conditions, and are difficult to 
reproduce. Third, results provide no quantitative information on the magnitude of the 
forces between the cells and surfaces. 

The AFM was adapted by Razatos et al. to measure the reversible, long-range 
interactions between bacteria and various substrates as the bacteria initially approach the 
solid-liquid interface. This AFM-based methodology was found to be a highly sensitive, 
reproducible and versatile means for evaluating the bacterial cell and substrate surface 
properties involved in bacterial adhesion.*?+743 The AFM can be employed to investigate 
the interactions between practically any bacterium and substrate under physiological 
conditions. For example, atomic force microscopy could detect the effect of deleting three 
sugar residues in the lipopolysaccharide layer coating the E. coli cell surface on the 
interaction of the bacteria with various materials.” 


II. PROTOCOL 


The critical step in the use of the AFM for biological specimens is immobilization of 
biological samples onto a rigid support surface such that the samples resist removal under 
the force of the AFM probe.”! In order to measure the force of interaction between bacteria 
and substrates, two possible configurations were explored: 1) bacteria were irreversibly 
immobilized onto a planar surface and probed by an AFM cantilever, and 2) bacteria were 
irreversibly immobilized onto AFM cantilever tips and used to probe planar substrates 
(Fig. 2). Razatos et al.} used a simple cell immobilization protocol to form confluent cell 
layers on both planar glass substrates and the silicon nitride tips of AFM cantilevers. 
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Figure 2. Immobilization Protocol. Bacterial cells are fixed with glutaraldehyde and 
then deposited onto planar glass or AFM cantilevers that have been coated with poly- 
ethyleneimmine. 


A uniform, confluent bacterial lawn coating planar substrates or AFM cantilevers is 
necessary to ensure that a measured interaction is in fact between bacteria and the surface 
of interest. For example, in the case of the AFM cantilever probing bacteria immobilized 
on a planar substrate, in the absence of a confluent bacterial layer, it would be necessary 
to first image the surface in order to position the AFM cantilever tip over a bacterium. 
During imaging, the AFM cantilever tip contacts the immobilized bacteria such that 
biological macromolecules could adsorb onto the tip. Adsorption of biological 
molecules could then change the surface properties of the cantilever tip, and hence alter 
subsequent force measurements. We circumvented the need for prior imaging of bacteria 
by forming a confluent layer of bacteria on the solid support surface. Since the entire 
support surface is covered by bacteria, the approaching tip is certain to interact with cells 
and not the underlying support. Moreover, after every force measurement, AFM or SEM 
images of the bacteria immobilized on the planar substrates or the AFM cantilevers 
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respectively are taken to verify that the measured interactions are indeed between bacteria 
and the substrate. 


A. Immobilization Technique 


The Escherichia coli (E. coli) K-12 strains, D21 and D21e7, are Gram negative bacteria 
whose cell surface lipopolysaccharide compositions have been well characterized (E. coli 
Genetic Stock Center, Dept. of Biology, Yale University, New Haven, CT, USA).5!6 
Bacterial cell cultures are grown aerobically in Luria Broth at 37°C and harvested in 
mid-exponential phase by centrifugation at 8,000 rpm for 10 min. The cells are washed in 
phosphate-buffered saline (PBS, pH 7.2) and then stirred into a 2.5% v/v glutaraldehyde 
solution for two hours at 4°C to a final concentration of 0.6-0.8 mg dry cell weight/ml.° 
The glutaraldehyde solution is prepared from a 25% v/v stock solution diluted to 2.5% 
v/v in PBS and purified by stirring with 50 mg/mL charcoal at 4°C for 24 h.?? After 
treatment with glutaraldehyde, the bacterial cells are rinsed and resuspended in 1 mM Tris 
buffer (tris {hydroxymethyl}aminomethane, pH 7.5). The cell suspension is incubated at 
4°C overnight. Cells are rinsed repeatedly and resuspended in 1 mM Tris (pH 7.5). 

Prior to immobilization of bacteria, planar glass substrates and AFM cantilevers are 
first coated with polyethyleneimine (PEI). 100% PEI stock solution (M, 1200) is diluted to 
1% v/v in distilled, deionized water (ddH,O); pH is adjusted to 8. Glass to be coated with 
PEI is cleaned by soaking in 1 M HNO; overnight, rinsing with ddH,O followed by metha- 
nol, and finally dried with sterile air. A drop of 1% v/v PEI is placed on one side of the 
glass and allowed to adsorb for 3 h. The PEI solution is decanted and the glass slides are 
rinsed in dH,O and stored at 4°C. Standard AFM cantilevers (Digital Instruments, Santa 
Barbara, CA) are immersed in 1% v/v PEI for 3 h, rinsed in ddH,O and stored at 4°C. 

In order to immobilize bacteria onto planar glass substrates, a drop of the 
glutaraldehyde-treated cell suspension is placed on PEI-coated glass slips which are then 
placed in a vacuum dessicator at room temperature until excess water has evaporated 
(2-3 h); the cells themselves must not be dessicated. To immobilize bacteria onto AFM 
cantilevers, a pellet of glutaraldehyde-treated cells is manually transferred onto PEI coated 
tips. The pellet is further treated with a drop of 2.5% v/v glutaraldehyde and incubated at 
4°C for 1 to 2 h. The cantilevers are rinsed in dH,O and excess water is allowed to 
evaporate at room temperature. 


B. AFM Operation 


AFM measurements were performed using a Nanoscope III Contact Mode AFM and 
Nanoprobe cantilevers with silicon nitride tips (Digital Instruments, Santa Barbara, CA). 
New, fresh cantilevers were used for every force measurement—cantilevers and substrates 
were used only once. All force measurements were performed in an AFM fluid cell 
(Digital Instruments, Santa Barbara, CA) filled with buffer solutions. 

Force measurements are carried out by engaging the AFM without touching the tip to 
the surface thus preventing tip or substrate contamination from the bacteria. The substrate, 
mounted on a piezo motor, is approached towards the AFM cantilever in 100 nm 
increments with a specified Z scan size of 300 nm at a frequency of 1Hz. Bacteria 
immobilized onto planar surfaces are imaged by AFM after every force measurement to 
confirm the presence of a confluent bacterial lawn. Similarly, bacteria-coated tips are 


290 Razatos and Georgiou 


(A) 





Tip Deflection (nm) 
(= 


[e] 
10 20 o 30 40 50 


1 
in 


Relative Distance of Separation (nm) 


un 
(e 


S 
a 


(B) 





-0.1 10 20 30 40 50 


Distance of Separation (nm) 
-0.3 


Figure 3. Typical AFM results of E. coli D21 bacteria interacting with glass (O) or polysty- 
rene (m) in | mM Tris. (A) Results presented as tip deflection (nm) vs relative distance of 
separation (nm). (B) Results presented as force (nN) vs distance of separation (nm). 


imaged by SEM after every force measurements to confirm the presence of a confluent 
bacterial cell layer on the tip. 


C. Data Presentation and Analysis 


Data are acquired in terms of tip deflection (nm) versus relative distance of separation 
(nm). All deflection curves are normalized so that tip deflection is zero where there is no 
interaction, and the slope of the constant compliance region (portion of curve where 
cantilever moves with the surface) is equal to the rate of piezo displacement.!> 
Representative curves are plotted together by aligning the zero deflection and constant 
compliance regions of the force curves to produce tip deflection (nm) versus relative 
distance of separation (nm). Figure 3A depicts a typical tip deflection versus relative 
distance of separation curve where D21 bacteria immobilized on the AFM cantilever are 
attracted to glass and repelled away from a polystyrene surface. 

Zero distance of separation, the point of contact between the surface and the tip, is 
defined as the onset of the constant compliance region. Absolute distance of separation 
(nm) is calculated as the sum of tip deflection and piezo position relative to zero distance 
of separation.!> Force is calculated by treating the cantilever as a spring with a 
characteristic spring constant (k in nN/nm) according to: F = k-AY where AY is the tip 
deflection.!> Values for the spring constants of the AFM cantilever used to convert the 
data are provided by the manufacturer (Digital Instruments, Santa Barbara, CA). Finally, 
force (nN) is plotted versus absolute distance of separation (nm) according to the method 
described by Ducker et al. (Fig. 3B).!° 
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Figure 4. Bacterial lawns immobilized on glass are not elastic, and hence, do not deform 
under the force of the AFM cantilever. In 1 mM Tris, E. coli D21e7 (x) immobilized on 
glass neither attract nor repel the cantilever tip. The resulting force curve is identical to that 
obtained for a cantilever tip and mica (O) in 1 mM Tris. 


IV. CONTROLS 


A. Immobilization Protocol 


Control experiments were performed to ensure that the cell immobilization protocol 
does not introduce artifacts into AFM force measurements. First, in order to confirm that 
PEI does not desorb off the glass substrate and contaminate the AFM cantilever tip, 
standard AFM cantilevers were incubated with PEI coated glass in the AFM fluid cell 
filled with buffer. Force measurements performed on freshly cleaved mica (a molecularly 
smooth surface) using a clean tip versus a tip that had been pre-incubated in the presence 
of PEI coated glass were identical (unpublished data). 

Glutaraldehyde treatment is a necessary step in the establishment of stable, confluent, 
uniform bacterial lawns on glass or AFM cantilevers coated with PEI. Glutaraldehyde 
crosslinks cellular proteins, but does not react with the lipopolysaccharide and 
exopolysaccharide molecules on the surface of Gram-negative bacteria. Our studies, as 
well as previous reports, indicate that contributions by these polysaccharide molecules 
dominate the long-range interactions between bacteria and substrates.*°>° 

A variety of control experiments were performed to ensure that glutaraldehyde 
treatment does not alter the physiochemical properties of the bacterial cell surface such as 
surface free energy and surface charge density. Contact angles which reflect the surface 
free energy of the bacterial cell surface*®4° can be measured by sessile drop method on 
lawns of bacteria filtered onto cellulose acetate membranes.** Contact angles measured 
with polar and apolar liquids were found to be identical for E. coli with and without 
glutaraldehyde treatment.“ For example, contact angles measured with water for E. coli 
D21 with and without glutaraldehyde treatment are 27+7° and 26+3° respectively. 
Similarly, zeta potential measurements which reflect the surface charge density of 
particles do not change with glutaraldehyde treatment.*? For instance, zeta potentials for 
E. coli D21 are —28.840.7 mV before and —28.9+1.7 mV after glutaraldehyde treatment. 
Finally, varying glutaraldehyde concentration from 2.5 to 5.0% v/v does not alter the 
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ensuing force measurements (unpublished data). Concentrations of glutaraldehyde lower 
than 2.5 v/v% do not produce stable bacterial lawns, and as a result bacteria detach from 
the PEI coated surfaces under the force of the AFM probe. Finally, standard bacterial 
adhesion studies performed in a flow cell confirm that the adhesive behavior of E. coli 
does not change following glutaraldehyde treatment. No differences are observed in the 
number of cells adhering onto either hydrophilic or hydrophobic surfaces for two strains 
of E. coli with and without glutaraldehyde treatment (unpublished data). 

The experiments described above suggest strongly that glutaraldehyde treatment affects 
neither the tendency of E. coli to adhere onto hydrophilic or hydrophobic surfaces nor the 
surface energy or surface charge density of the bacteria. 


B. Elastic Deformation of Biological Samples 


The AFM has been used extensively to measure the elasticity or extent of deformation 
of biological samples under the force of the AFM probe.*!:78-4!47 With respect to bacterial 
adhesion studies, however, bacterial lawns proved to be rigid, therefore ensuring that 
AFM force curves reflect long range interactions between bacteria and substrates and not 
elastic deformation of the bacterial cells. The petidoglycan layer of Gram-negative and 
Gram-positive bacteria renders bacterial cells rigid and resistant to deformation.*” 

The elastic deformation of soft biological samples (i.e., proteins and mammalian cells) 
under the force of the AFM probe is determined by the deviation of the constant 
compliance region (region where the tip and sample are in contact and move at the same 
rate) from the expected value.?!784!47 We found the constant compliance region for 
E. coli lawns to be the same as that for mica (Fig. 4). Therefore there is no apparent elastic 
deformation of bacterial lawns immobilized onto glass substrates due to the increasing 
load force applied when the sample and tip are in contact. Moreover, in the absence of 
repulsive electrostatic interactions, the resulting force curves between silicon nitride tips 
and bacterial lawns resemble those measured between the silicon nitride tip and mica 
(Fig. 4). This result illustrates that the portion of the force curves prior to the constant 
compliance region depicts long range attractive or repulsive interactions and not artifacts 
due to elastic deformation. 


V. INTERPRETATION OF RESULTS 


A. Reproducibility 


The AFM-based methodology described herein was found to be highly reproducible. 
Figure 5A presents tip deflection versus relative distance of separation curves for six 
different AFM cantilevers coated with D21 bacteria probing clean glass in 1 mM Tris 
buffer. Clearly the shape and the magnitude of the interaction between bacterial-coated 
cantilevers and the substrate are readily reproducible. The average and standard deviations 
of the six curves depicted in Figure 5A are presented in Figure 5B. The standard deviation 
for interactions measured using the AFM is less than 30%. 


B. Agreement of Two Configurations 

Due to similarities in surface characteristics of glass and silicon nitride,*® the force of 
interaction between a silicon nitride tip and a lawn of bacteria was expected to agree with 
the force of interaction between an AFM tip coated with bacteria and planar glass 
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Figure 5. Reproducibility of AFM measurements. (A) Multiple AFM force curves from six 
independent experiments of D21-coated cantilevers interacting with planar glass in 1 mM Tris. 
(B) Average (O plus/minus one standard deviation (—) for the six curves presented in Fig. 5A. 


substrate. Indeed, the force curves for each of the cases were experimentally 
indistinguishable for E. coli. 


VI. LIMITATIONS 


The following considerations need to be kept in mind when determining the force of 
interaction between bacteria and surfaces by atomic force microscopy: 1) In order to 
analyze AFM force curves, the point of contact between the cantilever and the substrate is 
assumed, therefore the actual distance of separation is not absolute.2? Moreover, the exact 
tip geometry and radius of curvature of the contact area are unknown for not only AFM 
tips modified with bacteria, but for AFM cantilevers in general.” These unknowns make 
interpretation and quantitative comparison of AFM results to theoretical predictions 
difficult.?? 2) A limitation specific to the AFM-based methodology described for bacterial 
adhesion studies is that surfaces and cantilevers can only be used once, therefore, requiring 
the preparation of many samples. 3) We were not successful in our efforts to measure 
reproducible pull-off forces following contact of the bacteria with the surface. Analysis of 
pull-off forces was difficult due to inconstancies observed in the retraction curves. 
Hysteresis in retraction curves was used only as an indicator that contact between the 
cells and the substrates had been achieved during a force measurement. 4) Frequently, in 
AFM experiments, hydration forces become significant if a shell of ordered water 
molecules organizes itself at the interface between colloid particles and planar substrates, 
resulting in monotonic, short-range repulsive interactions.” In order to measure the true 
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interaction between surfaces, this hydration shell must be displaced.*’ Repulsive 
hydration forces were observed for AFM experiments where bacterial lawns immobilized 
on planar substrates were probed with 30 um glass or polystyrene beads attached to AFM 
cantilevers (unpublished data). Direct contact between the bacteria and the beads was 
never established as determined by the lack of hysterisis in the retraction curves. Hydration 
forces, however, are negligible when using smaller beads or particles attached to AFM 
cantilevers, because the magnitude of the hydration force decreases linearly with 
decreasing the radius of curvature of the apex.” 
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I. INTRODUCTION 


As discussed in Chapter 2, stable adhesion of a bacterium on a surface requires the 
following events: transport to the surface, attachment to the surface, and subsequent 
resistance to detachment. In general, long-range forces (including macromolecular 
bridging) govern the probability of cell attachment to a surface, whereas short-range forces 
govern the strength of the ultimate adhesion. Brownian motion, convection or cell motility 
must transport the cell over any energy barrier created by repulsive forces. The magnitude 
of these forces need not be large to repel a Brownian particle from a surface. We can 
roughly estimate the force acting over a certain range that would create an insurmountable 
potential energy barrier for a Brownian particle as follows: The probability of crossing 
the energy barrier through energy fluctuations scales with the factor, exp(-@,,.,/kT), where 
k is Boltzmann’s constant (1.38x10- J/K), and T is absolute temperature (~300 K);!° 
therefore, an energy barrier of 10 kT would be sufficient to prevent attachment of a Brown- 
ian particle. Assuming the repulsive forces act over a range of around 50 nanometers, then 
only about one picoNewton (10°!? Newtons) of force is required to create the 10 kT of work. 

Because of the complex macromolecular structure of the bacterial cell surface, 
quantitative prediction of the magnitude of the long-range interaction forces and their 
range of interaction is an extremely difficult problem. One approach is to rely on colloid 
theory such as DLVO theory®® to predict these forces. However, as discussed in Chapter 
2, this approach has several pitfalls. The primary reason for the lack of development of 
more suitable theories is that, until recently, there has been no way to directly measure 
these long-range forces on bacteria. Razatos et al.7!?° recently applied atomic force 
microscopy (AFM) to measure force versus separation distance on bacterial lawns, which 
is described in the following chapter. AFM is an excellent tool for studying forces involved 
in bacterial adhesion because of the fine spatial resolution and sensitivity of the 
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Figure 1. Principle of the gradient trapping force from the ray optics perspective. The 
refraction of rays a and b of the focused trapping beam result in forces F, and Fp, which sum 
to the restoring force, F. The net force of all rays over the surface of the particle, F,,ap(z), is 
always restoring back to the equilibrium position, zọ, shown by the dotted line. For small 
displacements, the trapping force is proportional to the displacement, i.e., Frap) = -(Z-Zo), 
where yis the trap stiffness. (Adapted from ref.”) 


instrument. However, the force sensitivity atomic force microscopy is still limited to, at 
best, tens of picoNewtons, which is substantially larger than the attractive or repulsive 
forces on a single bacterium that may be relevant during attachment. 

In this chapter, we describe a novel technique for directly measuring the long-range 
interaction force as a function of separation distance between a single colloidal particle, 
such as a bacterium, and a test surface.’ In this approach a single-beam gradient optical 
trap (three-dimensional optical trap—3DOT or “optical tweezers”) is used as a force 
transducer and evanescent wave light scattering (EWLS) is used to precisely measure the 
separation distance between the particle and the surface. Like AFM, nanometer spatial 
resolution is possible with the 3DOT-EWLS technique, but the sensitivity of the optical 
trap force transducer is significantly improved, down to tens of femtoNewtons (1 fN =10!5 
N). This technique can therefore be used to measure the weaker long-range forces that are 
relevant to deposition of the particle to the surface. 


II. OPTICAL TRAP FORCE TRANSDUCER 


As first demonstrated by Ashkin,!*+ small dielectric particles can be trapped by 
radiation pressure that is created by focusing a laser beam through a high numerical 
aperture objective lens. The focused laser creates a three-dimensional intensity gradient 
around the focal point of the objective. When the particle is displaced from the trap center, 
a net force is directed back toward the trap center. This force results from a net momentum 
transfer due to anisotropic scattering of the incident laser radiation and is linearly 
proportional to the displacement of the particle from the trap center for small 
displacements, analogous to a spring displaced from equilibrium. From the ray optics 
perspective as illustrated in Figure 1, the net trapping force is created by the change in 
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Figure 2. Principle of evanescent wave light scattering. An internally reflected laser beam at 
the solid-fluid interface is totally internally reflected if the angle of incidence is greater than 
the critical angle of reflection. The reflection creates and evanescent wave that penetrates 
into the rarer fluid medium. Both the intensity of the evanescent wave and the intensity of 
scattered light from a particle in the vicinity of the surface decay exponentially with separa- 
tion distance from the surface. 


momentum of light rays as they are refracted over the surface upon crossing the surface of 
the particle.” 

Although the trap has both axial (along the axis of propagation of light) and 
transverse components, only the axial component is used for the force measurement 
technique described here. One should note that there is also a net force (scattering force) 
in the direction of the propagation of light, but for laser light sufficiently focused through 
a high numerical aperture objective lens, this force is small compared to trapping force 
(gradient force). The net effect of this scattering force is to shift the equilibrium position 
slightly in the direction of the light propagation. It has been shown theoretically that the 
force on a spherical colloidal particle in an optical trap is expected to be linear for 
deflection distances up to about one particle radius.”’ This has led to the application of 
optical traps as force transducers in several studies. !*.'+7°4 In this linear regime, the 
axial trapping force is given by Fy,q)(z) = - W(Z-Zo), where yis the axial trap stiffness 
(i.e., spring constant) and zo is the position of the trap center. The trap potential energy 
is therefore $yrap(Z) = WZ-2o)"/2. 


IHI. EVANESCENT WAVE LIGHT SCATTERING 


As illustrated in Figure 2, total internal reflection of light on an interface between a 
denser and a rarer medium creates an evanescent wave that propagates parallel to the 
surface with intensity that decays exponentially with distance into the rarer medium. As 
shown both theoretically® and experimentally,'® the intensity of scattered light, I(z), from 
a particle in an evanescent wave decays exponentially with the separation distance, z, 
from the reflecting surface; i.e., 


Kz) = I,exp(-Bz) (1) 
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Figure 3. Schematic of the apparatus. A single particle is trapped near the test surface with 
100 mW diode laser focused through the objective lens of an inverted microscope. The 
objective lens collects the scattered light from the evanescent wave that is created at the 
surface from the totally internally reflected 17 mW Helium—Neon laser beam. The separa- 
tion distance is determined from the measured intensity of scattered light from the evanes- 
cent wave. A CCD camera images the experiment. Stepper motors control the X-Y-Z position 
of the optical trap. 


where Jp is the intensity from a particle in contact with the surface (z = 0). The evanescent 
wave decay constant (inverse penetration depth) is calculated by 


B = (4mo [n ;2sin?0;-n2]"2 a 


where @, is the angle of incidence, and n; and n, are the refractive indices of the flat plate 
and the fluid medium, respectively. 

A related technique known as total internal reflection microscopy (TIRM) developed 
by Prieve et al.!’ exploits this known functional relationship between scattered light 
intensity and separation distance in order to measure interaction potential energy, (z), of 
conservative forces between a single spherical particle and a surface. The interaction 
potential is calculated based on the measured stationary distribution of particle positions, 
p(z), as the particle fluctuates near the surface. Based on Boltzmann’s distribution law, 


p(z) exp(-Q(Z/KT) (3) 


where k is Boltzmann’s constant, and T is the absolute temperature. As discussed below, 
this same principle is exploited to determine the potential energy of the optical trap force 
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transducer, thereby calibrating the trap. By exploiting the precise measurement of particle 
position by evanescent wave light scattering, TIRM has been successfully used to 
mea-sure interaction potential energies up to ~6 kT for particles larger than 5 um in 
diameter .5:9:10.15,18,22,23 

The novel technique described here combines direct force measurement capability of 
the three-dimensional optical trap with the precise position measurement of EWLS. In 
contrast to TIRM, force is measured directly based on the displacement of the most 
probable position of the particle from the center of the trap. Therefore, the trap serves an 
analogous function to the cantilever in AFM force measurements. A force—distance profile 
is generated by scanning the trap position toward the surface. 


IV. APPARATUS 


The three-dimensional optical trap/evanescent wave light scattering (3DOT-EWLS) 
apparatus is illustrated in Figure 3. The sample chamber consists of fluid in a thin gap 
(generally 10 um thick) spaced by appropriately sized polystyrene microspheres. The 
upper surface of the chamber is the test surface and consists of an optically smooth 
transparent plate (typically a glass microscope slide), which can be surface-modified as 
desired. The lower surface of the cell is a glass coverslip. 

A 100 mW diode trapping laser (Ag = 830 nm; Cell Robotics, Albuquerque, NM) is 
mounted beneath the objective turret of a Nikon Diaphot 200 inverted microscope and 
focused through a high numerical aperture (NA) objective lens (Plan Fluor x100, 1.3 NA, 
oil immersion; Nikon, Melville, MY) to form the single-beam gradient optical trap. The 
trapped particle can be manipulated laterally by a motorized stage and axially with 
a high-resolution stepping motor (Ludl Electronic Products, Hawthorne, NY) to allow the 
object lens to be moved in 10 nm increments (which corresponds to trap movements of 
8.8 nm due the difference in refractive index of the aqueous medium). 

The particle position is determined by measuring the scatter of the particle in an 
evanescent wave at the solid—liquid interface, which is created by total internal reflection 
of a 17 mW He-Ne laser (Ay = 632.8 nm; Melles Griot, Irvine, CA). A pair of mirrors 
mounted on an optical post directs this laser beam to the hypotenuse face of a dove prism 
optically coupled with index-matching oil to the upper plate of the sample chamber. The 
angle of the top-most mirror is precisely manipulated with a micrometer-driven rotation 
stage (Melles Griot, Irvine, CA) that adjusts the vertical pitch of the mirror with a 
resolution of 0.1°. The dove prism will direct the He-Ne laser beam to the appropriate 
angle for total internal reflection at the test surface. A CCD camera mounted to the 
eye-port of the microscope is used for visualization of the particles and the image is viewed 
on a dedicated monitor. The objective lens the collects light scattered by the particle from 
the evanescent wave. The scattered intensity is measured by a photomultiplier tube (PMT; 
Oriel Instruments, Stratford, CT) mounted in the side camera port of the inverted micro- 
scope. The PMT is fitted with a 1 mm diameter circular aperture and interference filters 
(Oriel Instruments, Stratford, CT) to measure only the scattered light from the particle at 
the appropriate wavelength. The PMT delivers a continuous voltage signal to a PC data 
acquisition board (DAS 1801ST, Keithley, Cleveland, OH) for data collection. This 
provides a real-time measurement of the particle position near the surface. 
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V. MEASUREMENT OF FORCE-DISTANCE PROFILE 


The optically trapped Brownian particle is subjected to both the trapping force and the 
surface force. The trap is calibrated in the course of each force measurement by 
measuring the intensity, Z(t), at multiple trap positions that are far from the surface where 
surface forces are negligible. However, the particle must also be near enough to the flat 
surface to scatter light from the penetrating evanescent wave to give an accurate 
measurement of the position. 

In the absence of external forces, the particle fluctuates via Brownian motion around 
the trap center. Boltzmann’s distribution law implies that the stationary distribution of 
particle positions, p(z), is proportional to exp(-@,,,(z)/kT), where @,,,(z) is the total potential 
energy of the particle, which is generally due to both the trap and the surface (gravity is 
typically negligible but is nonetheless automatically factored into the trap calibration). 
However, far from the surface where surface forces are negligible, 


Pio) = Ptrap(Z) = 8(2-29)7/2 (4) 


Hence, p(z) is Gaussian with a stationary mean position, <z>, that is equal to the position 
of the trap center, zp, and the stationary variance, s, is equal to kT/g. Because 
I(z)=Ipexp(-bz), the stationary distribution of Z(t) is lognormal with mean, m J <I>, and 
variance, s/’, from which <z> and s? (hence g and zg) can easily be calculated based on 
the properties of the lognormal distribution. Optimal estimates of g and zy are calculated 
using a maximum likelihood optimization based on measurements of m and s/ over ten 
to fifty consecutive trap positions as the trap is stepped toward the surface, as described 
by Clapp et al.’ 

As the position of the optical trap approaches the surface, the surface force eventually 
becomes significant, and the total potential energy of the particle is the sum of the trap 
potential plus the interaction potential energy, i.e., Q(z)= $(Z) + Prrap(Z). Using 
statistical techniques detailed in Clapp et al.’ the maximum in the distribution p(z) (i.e., the 
‘mode’, z,) is determined at each trap position. Because of Boltzmann’s distribution law, 
the mode, z, also corresponds to the minimum in f,,,(z), which is the separation distance 
where the net surface force exactly balances the trapping force. This can be shown by 


P)O) O pap) = FC) -F pp) = 0 (5) 


The surface force at z, is then calculated from the force balance, F(z,) = (z,-Zo). The 
calculation is performed at each new trap position, which ultimately yields a force-distance 
profile. The potential energy profile can then be estimated by numerical integrating the 
force data. 


VI. CORRECTION FOR NOISE 


Two significant sources of signal noise must be addressed: background noise (so-called 
“dark noise”) and electronic shot noise. Over the range of measurement, these noise 
contributions combined are generally less than 5% of the total voltage signal. 
Nonetheless, a correction for background and shot noise is made to improve the accuracy 
of the calibration and force measurements. The mean and variance of the dark noise are 
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Figure 4. The measured force and potential energy between a 1.5 um silica microsphere and 
a flat glass surface in 0.1 mM NaCl aqueous solution are plotted as a function of (relative) 
separation distance. The solid lines represent predictions from DLVO theory. The potential 
energy curve was obtained by numerically integrating the force data. The solid lines 
represent fit of theoretical curves using DLVO theory (Hogg-Healy-Fuerstenau 
approximation).!* Because Jy (hence absolute distance) was not known for these 
measurements, the data points were shifted on the abscissa to overlay the theoretical curve. 


estimated from the intensity measurements with the particle far from the surface where 
I(t) ~ 0. In the trap calibration, the background values are simply subtracted from mean 
and variance of the total measured intensity. The variance in the PMT voltage due to shot 
noise has been found proportional to the mean signal (minus mean background signal),’ 
as expected theoretically.!' Because the signal decreases exponentially with separation 
distance, this effect becomes more significant at larger separation distances. The 
proportionality constant, c, can be determined by measuring the signal variance at various 
EW intensities using fully attached particles which have no intensity fluctuations due to 
Brownian motion.’ Because c is only a function of the PMT power and pre-amplifier 
settings, it need not be re-estimated for each sample. The signal variance due to particle 
fluctuations alone was obtained by subtracting the variance due to shot noise. 


VII. RESULTS AND DISCUSSION 


Figure 4 shows example data of force measurement between a 1.5 mm diameter silica 
particle probed against glass in 0.1 mM electrolyte solution. Each force data point 
corresponded to 16384 intensity measurements at the trap position taken at 0.5 ms 
intervals. As shown by the solid line representing predictions from DLVO theory,*8 the 
technique accurately measures the expected exponential decay due to the overlapping 
counter-ion clouds of the electrical double layers. Although the force is measured 
directly, the potential energy can be approximated by numerically integrating the force 
data. In the data shown here, ¢(z) was obtained by numerically integrating a spline 
interpolation of the data points. In low electrolyte solution, the repulsive force due to 
electrical double layer decays exponentially with the Debye length as the characteristic 
decay length. The Debye length can be precisely calculated from the measured 
conductivity of the solution and does not depend on the surface properties of the particle 
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Figure 5. The measured force and potential energy between a Staphylococcus aureus 
bacterium and a glass surface is plotted as a function of relative separation distance in 
aqueous electrolyte solutions of 0.15 mM KCI (circles) and 0.92 mM KCI (triangles). 


or flat plate; therefore, the measured decay length of the repulsive part of the force 
distance curve is a robust measure of accuracy. The experimentally measured repulsive 
electrostatic force consistently matched closely with the predicted force, as in the 
example shown in Figure 4. Furthermore, the exponential force profile continues for 
particle displacements from the trap center up to about a particle radius, suggesting trap 
linearity over this range. 

The measurement precision depends strongly on the number of intensity samples, the 
total time of measurement at any trap position, and the total curvature of the potential 
energy well (due to both trap force and surface force). For the prototype system, 16384 
intensity samples at 0.5 ms intervals was sufficient to provide ~3 nm precision in particle 
positions for polystyrene and silica particles. 

One challenge in using evanescent wave light scattering to determine absolute distance 
is to estimate the intensity at zero separation, Io (see Eq. [1]). Without Jp, only relative 
separation distances can be measured. For systems where the particle can contact the flat 
plate, J, can be measured by addition of sufficient electrolyte to eliminate repulsive forces, 
allowing the particle to fully contact the surface. However, for many systems of interest, 
such as those with macromolecules in the interface between the particle and surface, this 
approach is not possible because full contact between the particle and the surface may not 
be possible for direct measurement of J (i.e., the particle cannot be “salted out” by adding 
electrolyte). One approach is to assume that scattering intensities of the particles are 
sufficiently homogeneous such that Jj can be calibrated under conditions where 
attachment is possible; the calibrated value J, would then be used for subsequent 
measurements. However, for bacteria, this is not possible because the macromolecular 
surface structure is an inherent part of the system and “zero separation distance” lacks a 
clear reference point. Therefore, one must be satisfied with measurements of forces 
versus relative separation distance. 
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Although most of the development of work of the 3DOT-EWLS technique has been 
with relatively ideal silica or polystyrene microspheres, we are currently exploring the 
range of applicability for real bacteria. The theoretical basis of linear trapping force and 
the exponential decay of the scattered intensity require a spherical particle; therefore, 
measurements to date have focused on spherical bacteria such as Staphylococcus aureus. 
Figure 5 shows example data for the measured force between a S. aureus bacterium and a 
glass surface at two different electrolyte concentrations. Because the maximum force is 
quite weak, we do not expect significant cell deformation as the cell probes against the 
surface, although the compression of the glycocalyx or other surface appendages may be 
a significant factor in the force measurements. This may be the explanation for the 
observation that measured repulsive force generally decays more slowly with separation 
distance as compared to DLVO theoretical predictions. The stiffness of the trap is smaller 
for bacteria relative to silica and polystyrene; therefore, the magnitude of measurable 
forces is somewhat diminished. However, this could be remedied in part by a higher power 
laser for the optical trap, which would enhance the trap stiffness, y. 

A common concern in optical trapping experiments, especially for biological particles, 
is the effect of laser heating of the particle. However, the growing literature on the effect 
of heating due to absorption on the trapping force on biological particles suggests that 
heating is minimal at near-infrared wavelengths and moderate laser intensity. 7° 

We are currently extending the technique to use for measuring viscous forces and 
macromolecular bridging interactions, using both real bacteria and model cells. The 
versatility and capability of this sensitive force-measurement technique remains to be 
fully explored. Because it is uniquely capable of measuring the weaker long-range 
interaction forces involved in the initial attachment of a bacterium to a surface, we 
anticipate that 3DOT-EWLS will prove to be a useful tool in investigating bacterial 
adhesion mechanisms. 
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I. INTRODUCTION 


Today Staphylococcus aureus and coagulase-negative staphylococci both rank among 
the five most frequent causative organisms of nosocomial infections.!4+!> There has been 
a tremendous increase in the incidence of nosocomial sepsis, beginning in the 1980s. This 
has resulted mainly from the increase of cases caused by coagulase-negative 
staphylococci, mostly Staphylococcus epidermidis, and to a more modest degree by 
S. aureus.” The reasons for these changes are probably multifactorial and include 
treatment of more severely ill patients and their longer survival, increasingly invasive 
procedures used in the management of these patients, and a tremendous increase in use of 
indwelling medical devices and prostheses in modern medicine. !*° 

S. aureus is a frequent pathogen causing a variety of severe, often life-threatening 
infections such as sepsis, infectious endocarditis, pneumonia, osteomyelitis, surgical 
wound infections, and staphylococcal toxic shock syndrome.'*4 S. aureus is a common 
causative organism of infections related to intravascular catheters and other implanted 
medical devices, ranking second only to S. epidermidis.’ 

S. epidermidis, the most prominent coagulase-negative staphylococcal species, 
colonizes human skin and mucous membranes and exhibits a rather low pathogenic 
potential in the normal human host.°:!° Most infections caused by this organism are 
related to implanted medical devices like intravascular and peritoneal dialysis catheters, 
cerebrospinal fluid shunts, prosthetic heart valves, prosthetic joints, vascular grafts, 
cardiac pacemakers and intraocular lenses.?™70-123:127 These infections are nearly always 
nosocomial in origin, cause a substantial additional morbidity and mortality, and lead to 
increased cost of hospital stay.58-90.127 The infecting organisms normally belong to the 
endogenous microflora of the patient's skin or mucous membranes. !27 

Therapy of prosthetic device-related infections is problematic due to the increasing 
incidence of multiple antibiotic resistance of staphylococcal nosocomial isolates and the 
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frequent clinical ineffectiveness of antibiotics tested as sensitive in vitro, which regularly 
necessitates removal of the implanted prosthetic device for successful therapy .!:!3.2021.25.125.157 

The cause of the pronounced virulence of S. epidermidis in the setting of prosthetic 
device-related infections has therefore attracted considerable attention in the last decade. 
In parallel, mechanisms leading to colonization of host and polymer surfaces by S. aureus 
were intensively explored. Considerable progress has been made in deciphering the 
molecular mechanisms leading to surface colonization by staphylococci, which will be 
discussed in the following. 


II. SURFACE COLONIZATION BY STAPHYLOCOCCI 


Using scanning electron microscopy, S. epidermidis was shown to colonize intravascular 
catheters in large adherent biofilms composed of multilayered cell clusters embedded in 
an amorphous extracellular material, which consists of exopolysaccharides referred to as 
slime or glycocalyx. !®233689.120.121 Most strikingly, the majority of staphylococcal cells 
in these biofilms have no direct contact with the polymer surface, indicating that the cells 
have to express intercellular adhesion to reside in the adherent biofilm. Similarly, 
multilayered biofilms containing staphylococcal cells encased into an amorphous matrix 
were observed on the surface of catheters, pacemaker leads and peritoneal dialysis tubing 
infected by S. aureus.8789-124 

After implantation, native polymer surfaces become rapidly modified by adsorption of 
host derived plasma proteins, extracellular matrix proteins, and coagulation products, i.e., 
platelets and thrombi, followed often by even more intense integration of the foreign- 
body implant into host tissue.*** It is believed that attachment of S. aureus to implanted 
biomaterials proceeds primarily through the specific recognition of host protein factors 
deposited on the surface of the polymer by specific receptors in the bacterial cell 
surface.!>! However, a significant contribution of attachment to native polymer surfaces 
cannot be completely excluded. Biofilm accumulation as seen in scanning electron micro- 
graphs of attached S. aureus cells may proceed later by aggregation of proliferating cells 
mediated by host derived protein factors. Certain S. aureus strains were reported to 
produce biofilm in vitro using similar conditions as for S. epidermidis.’ 

In vitro a proportion of S. epidermidis strains are able to produce a macroscopically 
visible, adherent biofilm on test tubes or tissue culture plates with a morphology in scanning 
electron micrographs very similar to that of infected intravascular catheters.°!©!7,61.134 
This phenotype is often referred to as slime production.!© However, as the term slime 
defines exopolysaccharides of bacteria noncovalently attached to the cell wall and is 
used for different phenomena by different authors™!6-62-122 this phenotype is now often 
referred to as biofilm formation. In this article, these strains are differentiated by the term 
biofilm-producing as opposed to biofilm-negative strains. 

It was proposed that biofilm formation is essential for the pathogenicity of S. 
epidermidis. This hypothesis was supported by several clinical studies which revealed 
that coagulase-negative staphylococci, which were biofilm-producing as detected with 
the tube-test!® or its semi-quantitative modifications using 96-well tissue culture plates,’ 
were significantly more often related to significant infections than biofilm-negative 
strains.!%-!>8 It has therefore been believed that the specific virulence of S. epidermidis in 
device-related infections is linked to an unusual ability to colonize polymer surfaces. 
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Figure 1. Phases of biofilm formation of staphylococci. 


The formation of biofilm on a polymer surface by staphylococci can be separated into 
two main phases: 1) rapid primary attachment to the polymer surface followed by 2) 
biofilm accumulation in multilayered cell clusters on the polymer surface, which requires 
the expression of intercellular adhesion.*° The latter phase is often paralleled by 
production of a matrix or glycocalyx, which encases the bacterial cells (Fig. 1). 


IHI. COLONIZATION OF BIOMATERIALS BY S. AUREUS 


A. Attachment of S. aureus to Biomaterial Surfaces 


1. Adhesion to Host Protein Factors by S. aureus 


Attachment mechanisms vary with respect to modification of the polymer surface with 
host protein factors and native surfaces. Most studies investigating staphylococcal 
adhesion to polymer surfaces indicate that S. aureus and coagulase-negative staphylo- 
cocci attach much better to native, unmodified polymer surfaces as compared to the same 
surface modified with serum, plasma, or albumin.?!-51:71:91,119,147,148 Despite this fact, 
adhesion of S. aureus to polymer surfaces modified with host proteins is thought to be 
most important in the pathogenesis of medical device-related infections.!>! The 
investigation of adhesion of S. aureus to polymer surfaces has therefore mainly 
concentrated on the specific interaction of this organism with host protein factors of the 
extracellular matrix, plasma, and other origins, potentially involved in surface 
colonization. 

After the initial observation by Kuusela”? that fibronectin is specifically bound by 
S. aureus in solution, similar specific binding of several other host matrix proteins to 
S. aureus in solution was demonstrated including collagen, !37 laminin,” bone sialoprotein, !32 
thrombospondin,** von Willebrand factor,*+ vitronectin,!575 and elastin.!!9 Specific 
binding of S. aureus to fibrinogen leading to clumping of the cells in plasma is used in the 
clinical microbiology laboratory for routine identification of this organism. For most of 
these protein factors it was shown that they promote bacterial attachment in vitro to poly- 
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mer surfaces coated with purified fibronectin,5!73-131.146-150 fibrinogen, !4275!3.73.149,150 


collagen,?*!4! vitronectin,*? laminin,*?*! thrombospondin,~? and von Willebrand factor.>* 
The quantity of attached bacteria was linearly dependent on the concentration of the 
respective matrix protein used for coating the respective polymer surface in the range of 
one to 100 ug/ml of fibronectin,???!:!48'>° fibrinogen,?*!>° thrombospondin,** 
vitronectin, and von Willebrand factor.°* When attachment of S. aureus Cowan I to 
polymethylmethacrylate (PMMA) coverslips coated with equal concentrations of 
different matrix proteins was compared, about tenfold more bacteria adhered to 
fibronectin- and fibrinogen-coated coverslips as compared to cover slips coated with 
laminin and thrombospondin.°? Attachment to vitronectin coated surfaces was fivefold 
less as compared to thrombospondin.°*” Similar relative adherence promotion was 
observed with several clinical S. aureus isolates from catheter related infections for 
fibronectin, fibrinogen, and laminin.°! Apparently, significant concentration-dependent 
attachment of S. aureus to polymer surfaces is promoted by the different matrix proteins, 
which could therefore be of relevance in the pathogenesis of S. aureus foreign body related 
infections. 

To ascertain the clinical relevance of attachment mediated by certain matrix proteins, 
attachment of S. aureus strains was evaluated on inserted catheter segments recovered 
from patients. Attachment of S. aureus was significantly promoted on inserted catheters 
compared to albumin-blocked control catheters.'49-!>! Attachment to inserted catheters 
varied with the respective biomaterial and the amount of immunologically detected 
fibronectin, but not fibrinogen.”°!>° In contrast, attachment of S. aureus to polyvinyl 
chloride or polyethylene catheter tubing exposed to canine blood for a short time of up to 
6 h depended significantly on adsorbed fibrinogen and to a much lesser extent on 
fibronectin. !>* These results correlate favorably with the observation that fibronectin and 
also thrombospondin adsorb poorly to polymethylmethacrylate in the presence of serum, 
but that adsorption of fibronectin under these conditions is greatly increased by prior 
adsorption of collagen to the polymer surface.5%!48 These results indicate that early after 
implantation fibrinogen specific adhesins promote attachment of S. aureus to biomaterials. 
With increasing time of contact with host factors adsorption of fibronectin is promoted by 
the changing conditioning film on the polymer surface, whereas the attachment promoting 
activity of fibrinogen is inactivated by proteolytic breakdown.!>! From these studies it 
appears that fibronectin, fibrinogen, collagen, thrombospondin, and activated platelets 
are most important for attachment of S. aureus to polymer surfaces in a clinical setting. 
However, the contribution of the other matrix proteins remains to be determined. 


2. Specific S. aureus Adhesins for Host Protein Factors 


Several factors relevant for the adhesion of S. aureus to various matrix proteins have 
been characterized at a molecular level (Table 1). Several of these factors are protein 
adhesins of the MSCRAMM (microbial surface components recognizing adhesive matrix 
molecules) family, which in most cases are covalently anchored to the cell wall 
peptidoglycan.35-102.117 


A. FIBRONECTIN BINDING PROTEINS OF S. AUREUS 


Using affinity chromatography, a 210-kDa protein was isolated from a lysate of S. 
aureus strain Newman, which apparently represented a fibronectin binding protein.*” The 
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Table 1. Adhesion Factors of Staphylococcus aureus 
Mediating Attachment to Polymer Surfaces 


S. aureus binding Gene Binding in Attachment 
Host factor protein identified fluid phase to solid phase 
Fibronectin FnBPA jnbA Yes Yes 

FnBPB jnbB Yes Yes 
Fibrinogen/fibrin CIfA clfA Yes Yes 

CIfB clfB Yes Yes 
Collagen Cna cna Yes Yes 
Elastin EbpS ebpS Yes n.t. 
Vitronectin 60 kDa nr. Yes Yes 
Bone sialoprotein 97 kDa n.r. Yes n.t. 
Multiple matrix proteins Map 60-72 kDa map Yes n.t. 

Eap 60 kDa eap Yes Yes 
von Willebrand factor nr. n.r. Yes Yes 
Laminin nr. n.r. Yes Yes 
Thrombospondin n.r. n.r. Yes Yes 


n.r.: identification of specific protein or gene not reported 
n.t.: not tested 


high molecular weight of this receptor correlated favorably with an earlier report on iso- 
lation of a 198-kDa fibronectin binding protein.*° These observations led to the molecular 
cloning of a gene fnbA of a fibronectin binding protein of S. aureus 8325-4.*> FnbA codes 
for a protein (FnBPA) containing 1018 amino acids with a predicted mol wt of 108 kDa, 
which exhibits fibronectin binding activity when expressed in Escherichia coli.??136 A 
gene (fnbB) for a second fibronectin binding protein (FnBPB) was discovered 682 nucle- 
otides downstream the fnbA gene.™ The sequences of both genes resembled the structure 
of typical Gram-positive cell surface proteins.ĉ*^102-136 An amino-terminal signal sequence 
is followed by the large A domains, which display only 45% homology between the two 
fibronectin binding proteins. Two B repeats are present in fnbA, but are not 
detected in the fnbB gene. In contrast, the C and D domains and the wall-spanning regions 
required for anchoring the receptor in the cell wall are very similar in fnbA and fnbB.™ 
Binding to fibronectin occurs via the D region containing 3 to four 35-amino acid repeats 
to the amino terminal 29 kDa fragment of the fibronectin molecule.” In the heparin bind- 
ing peptide near the C-terminus of fibronectin there is a second binding site for the sta- 
phylococcal fibronectin binding protein, which is functional only in fibronectin attached 
to a solid support.!! FnBPB has a second region binding to fibronectin in addition to the 
binding sites located in the D repeats.™ Insertional inactivation of only one of the two 
fibronectin binding proteins did not alter the fibronectin binding phenotype of the 
respective S. aureus strains. However, inactivation of both genes led to an adhesion 
negative phenotype.” Not all clinical S. aureus isolates possess both fibronectin binding 
proteins, which is exemplified by the observation that a single Tn918 insertion in the 
promoter region of fnbA significantly inactivated fibronectin binding of S. aureus 
879R4S.’+!>? In this strain only a single gene of a fibronectin binding protein homolo- 
gous to fnbA could be detected.*3 From these studies it is clear that fnbA and fnbB are able 
to mediate attachment of S. aureus to biomaterials coated with fibronectin. There is 
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debate whether anti-FnBP-antibodies could be useful for blocking attachment of S. aureus 
to fibronectin in an approach to prevent infection. This is due to the observation that sera 
of patients after S. aureus infection contained antibodies against the ligand binding 
domains of FnBPs; however, these did not inhibit fibronectin binding. !%3435 


B. FIBRINOGEN BINDING PROTEINS OF S. AUREUS 


In a search for a specific receptor mediating adhesion of S. aureus to fibrinogen and 
clumping in plasma, three fibrinogen-binding proteins with mol wt 87000, 60000, and 
19000 were identified.? The 87-kDa protein represented coagulase of S. aureus and the 
60-kDa protein also had coagulase activity. All three proteins were primarily secreted 
into the culture medium. However, it was postulated that the clumping factor was a cell 
bound form of coagulase. McDevitt et al.°*°? presented evidence that coagulase and 
clumping factor are different molecular entities, as an isogenic Tn917 transposon mutant 
unable to clump with fibrinogen still produced coagulase, whereas a mutant with an inac- 
tivated coagulase gene constructed by allelic replacement mutagenesis was still able to 
clump. Expression of the cloned clumping factor c/fA revealed a protein with apparent 
mol wt 130000. From the nucleotide sequence a protein with 896 amino acids and a 
deduced mol wt 92000 was predicted.” Recently, a second gene c/fB homologous to c/fA 
was identified and, in contrast to CIfA, its gene product was only detectable in the early 
exponential phase.'™* Both proteins have a N-terminal signal sequence followed by a 
540 amino acid residue A domain, which is rather divergent between c/fA and c/fB with 
only 26% identical amino acids. The A domain, which contains the active binding domain 
for fibrinogen,” is linked to the wall and membrane spanning domains of the protein 
through a unique Ser-Asp-dipeptide domain of 272 amino acid residues, which is essential 
for the functional presentation of the A domain on the bacterial surface.*> The clumping 
factor is covalently linked to the cell wall via the common LPXTG-motif.!™ A cl/fA-nega- 
tive mutant did not bind to fibrinogen-coated polymethylmethacrylate coverslips.?>:!>? 
When expressed, CIfB also mediated adherence to immobilized fibrinogen.! As no 
differences were noted regarding binding to immobilized fibrinogen between wild-type 
S. aureus and a mutant with a genetically inactivated coagulase gene, it seems clear that 
binding of S. aureus to biomaterials mediated by fibrinogen occurs essentially by CIfA. 
However, when CIfB is expressed in vivo this receptor may also contribute to attachment. 
Using a probe for the unique Ser-Asp dipeptide repeat region, another gene locus sdrCDE 
was identified which contained three genes homologous to c/fA and c/fB.°° The derived 
proteins could represent specific receptors for which the respective ligands have not yet 
been identified. Another gene fib, now referred to as efb, encoding the 19-kDa fibrinogen- 
binding protein of S. aureus Newman revealed homology to the fibrinogen-binding 
domain of coagulase.!°-!>4 Efb, similar to coagulase, probably does not contribute signifi- 
cantly to attachment of S. aureus to fibrinogen modified surfaces. 


C. SPECIFIC ADHESINS FOR OTHER Host-DERIVED PROTEINS 


A 135-kDa collagen receptor was purified from S. aureus Cowan I.'4° Using antibodies 
raised against this protein a gene cna encoding the receptor was cloned and sequenced. !!4 
Cna encodes a protein containing 1185 amino acids, which is composed of a N-terminal 
signal sequence followed by a large A domain. This A domain is linked via one to four B 
repeats to the cell wall and membrane spanning domains containing the LPXTG motif for 
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covalent cell wall linkage.!°* The collagen receptor mediates binding of receptor-positive 
S. aureus strains to cartilage and collagen-coated microtiter wells, which is inhibited by 
specific antibodies against the collagen receptor.'*! Attachment of S. aureus cells to car- 
tilage surfaces was completely inhibited in isogenic mutants in which the collagen recep- 
tor was inactivated by allelic replacement mutagenesis.!!® Attachment to collagen-coated 
surfaces was stable even under conditions of sheer stress.’ The binding site for collagen 
is localized in the A domain of the receptor protein. !!518 In almost all clinical S. aureus 
isolates collagen binding is associated with the presence of the single cna gene.*! At 
present, it is not known whether specific adhesion to collagen contributes to the patho- 
genesis of foreign body infections early after implantation. However, it seems reasonable 
to speculate that collagen may contribute significantly after prolonged insertion of 
biomaterials in the host by either firmly attaching fibronectin in the presence of serum 
proteins!48-150 or by directly promoting adhesion in collagen receptor positive S. aureus 
strains. 

A 25-kDa elastin-binding protein was purified from S. aureus by affinity chromato- 
graphy, which mediated specific binding of elastin to S. aureus in solution.!!° Cloning 
of the respective gene ebpS revealed an acidic protein composed of 202 amino acids 
with a predicted mol wt 23000.!!! Using a synthetic peptide approach, the binding site 
for elastin was mapped to amino acid residues 14 to 34 of EbpS.!!* However, as specific 
attachment of S. aureus to elastin coated surfaces has not yet been reported, the possible 
significance of elastin binding of S. aureus in biomaterial related infections remains to 
be determined. 

60- and 72-kDa proteins of S. aureus strains have been described which exhibit broad 
binding specificity leading to interaction with several matrix proteins including fibrinogen, 
fibronectin, thrombospondin, vitronectin, and collagen in ligand blotting experiments. 
Molecular cloning of the gene of this protein called Map (MHC class II analogous protein) 
from S. aureus FDA 574 revealed a protein of 689 amino acids with a predicted molecular 
mass of 77 kDa, which is dominated by six repeats of a 110 amino acid long domain.® 
The typical C-terminal sequence representing a cell wall anchor region was not detected, 
indicating that the protein might be secreted from the cell. Recently, the secreted 60 kDa 
fibrinogen binding protein of S. aureus Newman described earlier,’ now referred to as 
Eap (extracellular adherence protein), was found to bind to fibrinogen, fibronectin, 
prothrombin, and other unidentified plasma proteins.!°*-! The amino-terminal amino 
acid sequence of Eap had homology with Map. Eap agglutinated S. aureus cells and 
actually enhanced binding of S. aureus to fibroblasts and epithelial cells. Eap coated to a 
plastic surface led to surface attachment of S. aureus. The purification of a 60 kDa 
vitronectin binding protein from S. aureus strain V8 was reported.” Due to its amino acid 
composition this vitronectin binding protein could be differentiated from Map. The 
significance of this adhesin class including Map and Eap for biomaterial related 
infections remains to be determined. 

A 97-kDa protein was purified from S. aureus, which specifically binds to bone 
sialoprotein.!*° A synthetic peptide containing a Leu-Lys-Arg sequence, which comprises 
residues 56 to 65 of bone sialoprotein apparently included the staphylococcal binding 
site.!33 Although it can be anticipated that specific binding of S. aureus to bone 
sialoprotein might be of relevance in infections involving prosthetic joints no data have 
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been reported to date, which indicates that S. aureus indeed adheres to surface attached 
bone sialoprotein. 


B. Accumulation of S. aureus into a Biofilm 


Electron micrographs of biomaterials infected by S. aureus clearly show 
accumulation of S. aureus cells in multiple layers.8™8%1?4 Although aggregation of 
S. aureus cells by matrix proteins found in plasma could easily lead to cell accumulation 
in these S. aureus biofilms in vivo, it is very interesting that a proportion of S. aureus 
strains were reported to produce biofilm on polystyrene in vitro using similar conditions 
as for S. epidermidis.’ This observation was supported by the fact that almost all S. aureus 
strains examined were reported to contain a gene locus homologous to icaADBC of S. 
epidermidis, which is essential for biofilm accumulation and synthesis of the poly- 
saccharide intercellular adhesin (PIA) of S. epidermidis.?446-8285 Sequence comparison 
revealed an amino acid identity of 56-76% between different S. aureus strains and 
icaADBC of S. epidermidis.” Apparently, mechanisms similar to that of S. epidermidis 
may be operative in a significant proportion of clinical S. aureus strains leading to biofilm 
accumulation. 


IV. BIOFILM FORMATION BY S. EPIDERMIDIS 
A. Surface Attachment of S. epidermidis 


1. Primary Attachment to Polymer Surfaces 


Several studies have indicated that primary attachment of S. epidermidis to polymer 
surfaces is a complex process. The ability to attach to polymer surfaces is widespread 
among S. epidermidis strains. Differences are observed primarily in the quantitative 
degree of attachment between strains.3!57:!001!3.143 Quantitative differences in 
attachment between individual strains are related to cell surface hydrophobicity and to 
the respective polymer used.5678 Proteolytic digestion of the bacterial cell surfaces 
inhibits attachment of S. epidermidis, indicating functional involvement of surface 
proteins.>”:!!3 Similarly to S. aureus, attachment to native polymer surfaces is markedly 
inhibited in the presence of serum, plasma, and albumin.3!°!°°99-!!3.149 Compared with 
polymer surfaces blocked with albumin, attachment of S. epidermidis is markedly 
increased in the presence of matrix proteins like fibronectin and to a lesser extent by 
fibrinogen, whereas laminin did not significantly promote attachment.>!+!0-!49 However, 
quantitative binding to fibronectin or fibrinogen coated surfaces is still rather low 
compared with binding of bacterial cells to unmodified native polymers.” Therefore, 
there is debate whether native polymer surfaces or surfaces conditioned by host matrix 
proteins are more relevant for attachment of S. epidermidis in a clinical setting. Even 
under shear stress in a rotating disc system attachment of S. epidermidis RP62A was 
significantly inhibited by plasma proteins compared to an unmodified surface. !55 
However, in the presence of activated platelets adhering to the surface, attachment of 
S. epidermidis RP62A was primarily mediated by platelets as compared with the 
plasma-modified surface.!55 In addition, lipoteichoic acids were described as relevant 
factors in binding of S. epidermidis to fibrin—platelet clots.” 
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Table 2. Factors Functionally Involved 
in Staphylococcus epidermidis Biofilm Formation 


Primary attachment Bacterial accumulation 

Hydrophobic interactions Polysaccharide intercellular adhesin (PIA) 
Capsular polysaccharide/Adhesin (PS/A) Hemagglutinin 

Autolysin AtlE Accumulation associated protein (AAP) 


Staphylococcal surface protein (Ssp1) 
Matrix protein binding: 
Fibrinogen binding protein (Fbe) 


2. Specific Primary Attachment Factors of S. epidermidis 


Several different specific molecular entities involved in attachment of S. epidermidis 
to polymer surfaces have been described recently (Table 2). 

A capsular polysaccharide adhesin (PS/A) mediating primary attachment to silastic 
catheter surfaces was purified from S. epidermidis RP62A.'* PS/A was detected in 
bacterial extracts as an activity, which inhibited attachment of S. epidermidis strains to 
silastic catheter tubing. Staphylococcal attachment was also inhibited by antiserum raised 
against purified PS/A. As almost half of all PS/A producing S. epidermidis strains were 
biofilm-negative, PS/A expression alone apparently is not sufficient for biofilm- 
production of S. epidermidis.'!©° Isogenic biofilm-negative transposon mutants of the 
PS/A-positive S. epidermidis M187 displayed decreased attachment to silastic and 
expressed significantly reduced amounts of PS/A.!°! Attachment to polyethylene under 
shear stress was not different between the wild-type M187 and the PS/A-negative, 
attachment-impaired mutant S. epidermidis M187-sn3, which is in contrast to the above 
findings." The pathogenic role of S. epidermidis PS/A in a low-inoculum rabbit model of 
prosthetic valve endocarditis has also been reported recently.!*8 Direct contamination of 
an intraventricular foreign body by low levels of PS/A-positive S. epidermidis results in 
endocarditis in rabbits, but at suitably high doses PS/A-negative strains have sufficient 
virulence to infect cardiac vegetations. 

A monoclonal antibody was described which significantly inhibited attachment of 
S. epidermidis 354 to polystyrene spheres in a concentration-dependent manner.!*? This 
mAb reacted with a 220-kDa cell wall associated protein of S. epidermidis 354.'4* The 
protein identified by the mAb referred to as Ssp1 is organized in a fimbria-like structure 
on the surface of S. epidermidis 354. Proteolytic processing of Ssp1 apparently occurs, 
rendering a variant of lower molecular weight (Ssp2), which appears to have lower 
activity regarding attachment of bacterial cells.!>% 

Recently, Heilmann et al*® isolated a Tn917 insertion mutant Mut1 of the biofilm- 
producing S. epidermidis O-47, which was severely impaired in attachment to poly- 
styrene. The cell surface of Mut! was less hydrophobic and lacked 5 prominent proteins 
of 120, 60, 52, 45, and 38 kDa. The minimal cloned wild-type DNA fragment 
complementing the phenotype of Mut1 encoded synthesis of the 60-kDa protein. Genetic 
analysis revealed that the gene of the major autolysin AtlE of S. epidermidis was 
inactivated in Mut] by a transposon induced deletion of about 8 kb of DNA. AtlE encodes 
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a deduced protein of 1335 amino acids with a predicted molecular mass of 148 kDa.*® 
AtlE contains two bacteriolytically active domains, a 60-kDa amidase and a 52-kDa 
glucosaminidase, and is expressed on the cell surface. It is presently unsettled, whether 
AtlE mediates attachment directly or by exposing or presenting the actual adhesin, as 
antiserum against the 60 kDa fragment of AtlE did not inhibit attachment. In addition to 
mediating attachment of S. epidermidis to unmodified polystyrene it also has affinity for 
binding to vitronectin.** Another member of the family of autolysins of staphylococci 
homologous to atlE, the autolysin/hemagglutinin (aas) of Staphylococcus saprophyticus, 
has binding affinity for fibronectin.*° No data have been reported whether the other 
homologous autolysins of S. aureus and S. saprophyticus, Atl and Aas, respectively, are 
involved in attachment of cells of the respective species to native polymer surfaces 
similar to AtlE.48°0107 

A gene (fbe) encoding a fibrinogen-binding protein was cloned recently from a phage 
display library of S. epidermidis HB, which corresponds favorably with the property of 
some S. epidermidis strains to bind fibrinogen-coated polymer surfaces.!° Fbe is a 
protein with a deduced molecular mass of 119 kDa, which displays homology with the 
sdrCDE family of cell surface receptors of S. aureus.°® The A domain of fbe displays the 
highest degree of homology with sdrE of S. aureus.® PCR analysis indicated that a large 
proportion of clinical S. epidermidis isolates possessed the gene for Fbe.!°° Despite the 
presence of the fbe-gene a very heterogeneous binding activity to fibrinogen was 
observed in most S. epidermidis strains analyzed. This may reflect different expression 
levels of Fbe in different strains or it may even indicate that Fbe binds to a ligand different 
from fibrinogen when expressed on the cell surface. 


B. Factors Involved in Biofilm Accumulation of S. epidermidis 


1. Characterization of a Polysaccharide Intercellular Adhesin (PIA) 


An essential prerequisite for the accumulation of multilayered biofilms is the ability of 
the bacterial cells to display intercellular adhesion. In search for such an intercellular 
adhesin Mack et al®! made use of a rabbit antiserum raised against the biofilm-producing 
S. epidermidis 1457 grown as a biofilm, which was absorbed with several biofilm- 
negative S. epidermidis strains. Using the absorbed antiserum reactivity with an antigen 
exclusively expressed by biofilm-producing S. epidermidis strains was detected.8!-83 
Expression of the antigen varied in parallel with formation of biofilm under different 
physiologic growth conditions.*! The immunologic reactivity of the antigen was 
completely abolished by periodate oxidation, indicating its carbohydrate nature. A 
significant proportion of cells of biofilm-producing as compared to biofilm-negative 
S. epidermidis strains grown in trypticase soy broth were located in large cell clusters 
exceeding 50 cells. Periodate oxidation of the cell preparations of biofilm-producing 
S. epidermidis strains led to complete disintegration of these cell clusters, indicating 
functional activity of the antigen in intercellular adhesion.®!°? 

Two completely biofilm-negative isogenic mutants, M10 and M11, were isolated using 
Tn917 for transposon mutagenesis of the biofilm-producing S. epidermidis 13-1.8? 
Linkage of the transposon insertions of mutants M10 and M11 to the altered phenotype 
was demonstrated using phage transduction.*”! Transfer of the transposon insertions of 
mutants M10 and M11 into heterologous biofilm-producing S. epidermidis strains led to 


Staphylococcal Factors 317 


an identical biofilm-negative phenotype.86!°3 Primary attachment of the mutants M10 
and M11 to polystyrene spheres was not significantly different as compared to the wild- 
type. Cell clustering as an indication of intercellular adhesion was not detected with any 
mutant. These results demonstrate that the mutants were impaired in the accumulative 
phase of biofilm production. Mutants M10 and M11 and all transductants did not produce 
detectable amounts of the specific polysaccharide antigen of biofilm-producing 
S. epidermidis***© providing direct genetic evidence for an essential functional role of 
this antigen in intercellular adhesion. 

To differentiate the polysaccharide from other S. epidermidis polysaccharides already 
described it was purified to homogeneity by gel filtration and anion-exchange chromatog- 
raphy.®° The polysaccharide was separated by Q-Sepharose chromatography into a major 
cationic polysaccharide I (>80%) and a minor polysaccharide II (<20%), which was 
moderately anionic. As shown by chemical analyses and NMR-spectroscopy poly- 
saccharide I is a linear homoglycan of at least 130 B-1,6-linked 2-deoxy-2-amino-D- 
glucopyranosyl residues. On average 15-20% of them are not N-acetylated and positively 
charged. Cation exchange chromatography separated molecular species whose content of 
non-N-acetylated glucosaminyl residues varied between 2% and 26%. Polysaccharide II 
is structurally related to polysaccharide I but has a lower content of non-N-acetylated 
D-glucosaminyl residues and contains phosphate and ester-linked succinate, rendering it 
anionic." The structure of the polysaccharide is so far unique and according to its 
function in S. epidermidis is referred to as polysaccharide intercellular adhesin (PIA). 

In a population of 179 S. epidermidis strains there was a significant positive associa- 
tion between biofilm-production and expression of PIA.*4 There was a linear association 
between the amount of PIA produced as detected by ELISA-inhibition and the amount of 
biofilm produced in 49 S. epidermidis strains representing a continuum from biofilm- 
negative to strongly biofilm-producing.*4 Apparently, PIA is essential for biofilm 
accumulation of the majority of clinical S. epidermidis isolates. 


2. Genetic Basis of PIA Synthesis 


Heilmann et al.“ independently isolated transposon mutants Mut2 and Mut2a, which 


have a biofilm-negative phenotype similar to mutants M10 and M11.8? Transformation of 
Mut2 and Mut2a with plasmid pCN27, which contained the ica (intercellular adhesion) 
gene cluster cloned from S. epidermidis RP62A, restored the biofilm producing pheno- 
type of the mutants.*° Expression of pCN27 in the heterologous host Staphylococcus 
carnosus led to cell cluster formation and production of PIA as detected by the 
PIA-specific absorbed antiserum.“ Apparently, genes encoded on pCN27 are sufficient 
for PIA synthesis in a heterologous staphylococcal background. The recombinant 
S. carnosus did not detectably produce biofilm on polystyrene due to insufficient 
attachment, although a biofilm was formed on a glass surface.*° Other workers recently 
reported that the recombinant S. carnosus strain produced biofilm on polystyrene 
microtiter plates.°’ These results are best explained by a different degree of primary 
attachment of S. carnosus to differently modified polystyrene surfaces prepared for 
bacteriologic use or for use in tissue culture experiments, respectively. 

Ica encodes four genes icaADBC which are organized in an operon-like structure. 
IcaA is a transmembrane protein containing predicted 412 amino acids and has homology 
to N-acetylglucosaminyltransferases. IcaB with predicted 289 amino acids is probably a 
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secreted protein, and IcaC is a hydrophobic integral membrane protein with predicted 355 
amino acids. Recently, a fourth gene referred to as icaD was described, which partially 
overlaps icaA and icaB and is integrated in the order icaADBC.*° At the 5'-end of the 
icaADBC locus an additional gene is located, which is referred to as icaR. IcaR is pro- 
posed to be transcribed in the opposite direction as icaADBC.'*° No detailed analysis of 
this genetic element has yet been reported, which may function in the regulation of 
icaADBC expression. Frame shift mutation within either of the three genes icaA, icaB, or 
icaC of pCN27 abolished the intercellular adhesion-positive phenotype of the 
recombinant S. carnosus.*° 

Mutant Mut2 has a Tn917 insertion 72 basepairs proximal of the ATG start codon of 
the icaA-gene, whereas the insertion site of Mut2a is nearly 1 kb proximal to the icaA 
translational start site,*°4” which probably explains the residual PIA synthesis of Mut2a.*” 
In contrast, Tn917 insertions of mutants M10 and M11 are located within the icaA coding 
sequence at nucleotides 931 and 87.86 From these data it is apparent that the ica locus 
contains synthetic genes required for PIA synthesis. Recently, it was reported that in 
several biofilm-negative phase variants of S. epidermidis RP62A the reversible biofilm- 
negative phenotype resulted from inactivation of icaADBC by insertion and excision of 
insertion sequence element IS256 into icaA and icaB and into several different locations 
of icaC.'*° No insertions of IS256 into icaD of the icaADBC locus were observed. 

PIA synthesis has been reconstituted in vitro using extracts prepared from recombinant 
S. carnosus expressing various genes of the ica operon.“ IcaA alone exhibits a low 
N-acetyglucosaminyltransferase activity. Coexpression of both IcaA and IcaD largely 
increased the glycosyltransferase activity of the extract, resulting in N-acetylglucosamine 
oligomers with a chain length of up to 20 sugar residues. Synthesis of oligosaccharide 
chains reactive with the PIA-specific antiserum required expression of IcaC in parallel 
with IcaA and IcaD. It has not been differentiated whether these immunoreactive oli 
gomers represent full length PIA carbohydrate chains containing approximately 130 sugar 
residues® or whether these oligomers are protein-bound intermediates of PIA synthesis. 
Probably additional enzymatic activities are required to generate non-N-acetylated 
glucosamine residues characteristic for PIA,®> as these were not detected in in vitro 
synthesized oligomers. This putative enzymatic reactivity may be located in a different 
cellular compartment not contained in the in vitro reaction. Surprisingly, S. carnosus 
expressing recombinant icaADC are capable of forming intercellular cell aggregates 
indicating that functional PIA molecules are synthesized by only these three genes.*° This 
is in contrast to previous results, where mutations in icaB lead to an aggregation negative 
phenotype in S. carnosus* and a biofilm-negative phenotype in S. epidermidis.'*° 


3. Hemagglutination 


S. epidermidis strains have the ability to hemagglutinate erythrocytes of several 
species. !2°!28 There was a linear relation of hemagglutination titers and the amount of 
biofilm accumulating in the adherence assay in several collections of S. epidermidis 
strains. !?8 Hemagglutination was not associated with hydrophobicity. Periodate oxidation 
and glycosidase digestion abolished the hemagglutinating activity.!*8 The hemagglutinin 
could be extracted into a cell-free supernatant and appeared to be a polysaccharide. !78 
Direct evidence for a functional role of PIA in hemagglutination has been obtained 
recently: 1) transfer of the transposon insertions of the biofilm-negative mutants M10 and 


Staphylococcal Factors 319 


M11, which lead to impaired PIA synthesis by inactivation of icaA, into three 
independent hemagglutination-positive S. epidermidis wild-type strains led to a hemag- 
glutination-negative phenotype, 2) specific anti-PIA antibodies, and 3) purified PIA 
inhibited hemagglutination in several different S. epidermidis strains.*° These results are 
supported by an epidemiological association of the presence of the icaADBC locus and a 
hemagglutination-positive phenotype in 39 clinical S. epidermidis isolates and several 
well characterized mutant pairs.** These results define PIA as the hemagglutinin of 
S. epidermidis or at least as its major functional component.**° The biofilm-negative 
mutant Mutl, whose phenotype results from impaired primary attachment due to 
inactivation of atlE, is still hemagglutination positive, which is consistent with 
unimpaired PIA synthesis in this mutant.32.49- Mack et al., unpublished 


4. PIA Leading to Biofilm Accumulation 
in the Pathogenesis of Biomaterial-Related Infection 


Recently, the pathogenic potential of the isogenic biofilm-negative mutant 1457-M10 
and its wild-type S. epidermidis 1457 was compared in two different animal infection 
models. !?-!3° In a subcutaneous catheter infection model in mice the wild-type strain 
caused abscesses significantly more often than the isogenic mutant 1457-M10.!°° In 
addition, the wild-type strain was significantly less commonly eliminated from the site of 
infection and higher cell concentrations were detected on catheters infected with the 
wild-type S. epidermidis 1457.'°° These differences were due to altered biofilm 
accumulation resulting from abolished PIA synthesis and not to secondary effects of 
altered PIA synthesis on fibronectin binding of the biofilm-negative mutant,!*° as 
proposed recently.* In a central venous catheter infection model in rats the wild-type 
S. epidermidis 1457 was significantly more likely to induce a catheter-related infection 
(71% vs 14%) resulting in bacteremia and metastatic disease than its isogenic biofilm- 
negative mutant 1457-M10.!2° These results confirm for the first time the importance of 
biofilm accumulation mediated by PIA and the activity of icaADBC for the pathogenesis 
of S. epidermidis biomaterial-related infections using a genetically and phenotypically 
well characterized pair of strains. 


5. Accumulation Associated Protein (AAP) 


A biofilm-negative mutant M7 of biofilm-producing S. epidermidis RP62A generated 
by mitomycin mutagenesis is still competent for initial attachment to glass and poly- 
styrene but did not accumulate on these surfaces.!° No differences were noted between 
wild-type and M7 regarding growth rate, cell wall composition, surface characteristics, 
DNA restriction and antibiotic resistance profiles. However, a 140-kDa extracellular 
protein of M7 was no longer detectable.°?!*° Biofilm accumulation of several biofilm- 
producing S. epidermidis strains was inhibited in a concentration-dependent manner by 
an antiserum raised against the purified protein, whereas pre-immune serum had no 
effect. Thirty two out of 58 S. epidermidis strains produced the 140-kDa protein. 
However, 7 of 26 140-kDa protein-negative strains produced substantial amounts of 
biofilm.© As M7 is still capable of producing PIAS Mack et al., unpublished the functional role 
of the 140-kDa protein is presently unknown. 


C. Polysaccharide Components of S. epidermidis Glycocalyx 


The composition of the S. epidermidis glycocalyx or slime has attracted major interest 
and numerous attempts were started to define the respective polysaccharide components 
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Table 3. Polysaccharides of the Staphylococcus epidermidis Glycocalyx 


Polysaccharide Main components Authors year (Ref) 
Polysaccharide intercellular adhesin (PIA) Mack et al. 199685 
Polysaccharide I GlcNAc, GlcN 

Polysaccharide II GlcNAc, GIcN, Succinate, Phosphate 


Major slime component/wall teichoic acid Glc, Glyc, Ala, GIcNAc, Phosphate Hussain et al. 1992 


Slime-associated antigen (SAA) Glc, GIcN, GlcA, GalA Christensen et al. 1990!8 
GlcNAc Baldassarri et al. 19963 
Capsular Polysaccharide/Adhesin (PS/A) Gal, GalN, GlcN, Urs Tojo et al. 1988!43 
GlcN, Succinate, Acetate McKenney et al. 19989” 
Extracellular slime substance (ESS) Gal, Man, Glc, GlcNAc Ludwicka et al. 19847 
Sulfated slime polysaccharide GIcN, Glc, Fuc, Xyl, Sulfate Arvaniti et al. 19942 





Abbreviations: Glc: Glucose; Gal: Galactose; Man: Mannose; Fuc: Fucose; Xyl: Xylose; GIcN: 
Glucosamine; GlcNAc: N-Acetylglucosamine; GalN: Galactosamine; Urs: Uronic acids; 
GlcA: Glucuronic acid; GlaA: Galacturonic acid; Ala: D-Alanine; Glyc: Glycerole 


(Table 3). Only in 1990 it became apparent by the work of Drewry et al.?® and Hussain et 
al.5 that slime preparations isolated from S. epidermidis strains grown in complex 
medium and/or on agar were regularly contaminated by carbohydrate compounds rich in 
galactose largely derived from agar. Contamination with phosphate, glucose, galactose 
and galactosamine derived from tryptic soy broth was also possible. To obtain 
meaningful analytical results chemically defined medium and solidification of medium 
with silica gel instead of agar have to be used. Alternatively analysis of polysaccharide 
preparations obtained in parallel from isogenic strain pairs, which do or do not produce 
the respective polysaccharides, leads to identification of the specific components of the 
respective polysaccharides. 

Several polysaccharide components of S. epidermidis have been described, which are 
major constituents of S. epidermidis slime or glycocalyx, or have been proposed to be 
functionally significant for biofilm production. 

Our group recently elucidated the structure of the polysaccharide intercellular adhesin 
(PIA) of S. epidermidis 1457 and RP62A.*®° Several measures were taken to ensure the 
specificity of the material purified from bacterial cells grown in trypticase soy broth. First, 
the isogenic biofilm-negative, PlA-negative transposon mutant 1457-M11 was 
analyzed in parallel.®° In comparison with S. epidermidis 1457 only hexosamine was 
determined as a specific component of PIA. In addition, several independent methods such 
as chemical analysis, immunochemical analysis, and NMR-spectroscopy were used in the 
structural analysis of the PIA. PIA prepared from S. epidermidis 1457 and 
1457-M11 grown in the chemically defined medium HHW had a composition very 
similar to PIA prepared from TSB-grown cells Mock and Krokotsch, unpublished material Ty 
addition, it was demonstrated that the PIA-specific absorbed antiserum indeed was 
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reactive with B-anomeric N-acetylglucosamine residues, as ELISA inhibition with 
various monosaccharides revealed the B-anomeric form and the acetylated amino group of 
the D-glucosaminyl residues as important for the reactivity with the specific 
antiserum.® 

Hussain et al.°’ compared the major high molecular weight slime component of 
biofilm-producing S. epidermidis RP62A grown in a chemically defined medium and of 
purified cell wall teichoic acid and found a similar composition containing primarily 
glucose, glycerol, p-alanine, N-acetylglucosamine, and phosphate. Apparently, teichoic 
acids have no significant functional role in biofilm formation, as similar amounts of 
teichoic acid were produced by biofilm-producing and biofilm-negative S. epidermidis 
strains.°”° Nevertheless, cell wall teichoic acids may stabilize the established biofilm 
representing major components of the S. epidermidis glycocalyx. 

A slime associated antigen (SAA) was proposed to be associated with biofilm- 
production of S. epidermidis strains.'® Semi-purified SAA prepared by Sephadex G 200 
chromatography contained 64 % hexose and only 0.91 % hexosamine as determined by 
colorimetric assay.!® Gas—liquid chromatography revealed as constituents 59 % glucose 
and about 7 % N-acetylglucosamine and N-acetylgalactosamine. As the composition of 
SAA was not compared to a similar extract of a biofilm-negative phase variant or a 
SAA-negative mutant it remained unclear, which of the determined sugars were specific 
components of SAA. Recently, Baldassarri et al.* reevaluated the preparation and 
purification of SAA of S. epidermidis RP62A and noted that in a preparative procedure 
very similar to the preparation of PIA, SAA was almost exclusively composed of 
N-acetylglucosamine. In a control preparation of the biofilm-negative variant HAM892, 
which did not produce SAA, no hexosamines were detected, indicating that 
N-acetylglucosamine is a specific component of SAA. These results led these authors to 
speculate that SAA and PIA might be related. As this may easily be so in the latter case, 
the relation of the former glucose-rich SAA preparation remains unclear. 

Analysis of purified PS/A revealed a composition of 54 % hexoses, 20 % amino 
sugars and 10% uronic acids.!47 As specific sugars 22% galactose, 15% glucosamine, 
and 5% galactosamine were detected. PS/A was prepared from the spent medium of 
S. epidermidis RP62A grown in trypticase soy broth in a fermentor. However, compari- 
son of the composition of a similar polysaccharide preparation prepared from a 
PS/A-negative control strain was not reported. Recently, the composition of PS/A from 
S. epidermidis RP62A and M187 grown in a chemically defined medium was reeval- 
uated.” There was an almost identical reactivity of anti-PS/A and anti-PIA antisera with 
several well-characterized S. epidermidis strains including the PS/A-producing 
S. epidermidis M187 and the PS/A-negative transposon mutant M187-sn3, the 
PIA-producing S. epidermidis 1457 and the isogenic PIA-negative mutant 1457-M11, 
and the recombinant S. carnosus containing the cloned icaADBC locus.’ These data 
suggest that PS/A and PIA are structurally related or even identical. PS/A had peculiar 
properties and readily precipitated unless solubilized in buffer containing desoxycholate 
or at low pH and displayed an apparent molecular mass in gel filtration >250 kDa.°’ The 
authors postulated that PS/A is a polysaccharide of high molecular mass composed of 
B-1,6-linked glucosamine residues with a high degree of substitution with succinate 
and acetate.” In addition, these authors proposed that PS/A is synthesized by the gene 
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products of icaADBC. °” As detailed data on the structural analysis of PS/A have not 
been reported it remains to be determined if PS/A is identical with polysaccharide II of 
PIA or represents an additional variant of PIA. 

A high molecular weight polysaccharide extracellular slime substance (ESS) of 
S. epidermidis consisting mainly of galactose and mannose was proposed to be 
functionally involved in attachment or accumulation of S. epidermidis on polymer 
surfaces.’”:!?? As agar was used consistently in preparation of ESS, it is reasonable to 
assume that the material was heavily contaminated. Recently, analytical data of purified 
polysaccharide compounds in slime preparations derived from several different 
S. epidermidis strains were reported.”-°7°8 As no measures were taken to control for 
contamination with medium components and as no reference material was analyzed in 
parallel from strains lacking a specific function or differing in production of a specific 
polysaccharide, these data are very difficult to interpret with regard to the significance of 
the individual carbohydrate compounds for the composition of the S. epidermidis 
glycocalyx. 
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I. INTRODUCTION 
A. Bacterial Adhesion and Peri-Implant Infection 


Bacterial adhesion to surfaces of artificial materials is considered the basal 
pathogenetic mechanism of the prosthesis-associated infections. 13273135 The relationships 
between a bacterium and a biomaterial, namely the interactions contracted, in periprosthesis 
tissues, between the bacterial external structure and the material surface, are the subject of 
more and more detailed studies, as the infection still represents today a very serious 
problem in implant surgery. Peri-implant infections are not resolved by antibiotics or 
surgical cleaning, only by prosthesis removal, and represent the main reason for 
failure of transdermal or implanted medical devices. 

The severity of these infections must be essentially ascribed to the expression of the 
adhesive aptitude of the microorganisms, that in turn is conditioned by the characteristics 
of the material by which the medical device is constituted, is favored by the weakening of 
the periprosthesis tissues and is obviously triggered by an initial contamination of the 
implant. 

Over the last few years several studies have been carried out in order to elucidate what 
structures and what mechanisms are implied with the capacities of some bacterial species 
— usually regarded as opportunistic because of their poor pathogenic power — to cause 
severe and irreducible infections associated to biomaterials.” Therefore many studies 
have been addressed to clear up the chemical and physical properties of the materials 
relevant in favoring the infection, in order to develop infection-resistant materials, namely 
new materials and new coatings with an anti-adhesive surface. 

The physicochemical properties of the material (i.e., surface charge, hydrophobicity, 
surface roughness, and surface configuration) and the structural modification of the 
prosthesis during the application may modulate the adhesion.* Irregularities or porosity 
of the biomaterial surface seem to promote adhesion and offer a physical protection to the 
microorganisms against antibiotics and host’s immune defenses. Bacteria can also 
provoke breaks of the implant surface by changing the microenvironment (pH, 
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oxygenation level, and enzyme activities). The micromovements of the implanted 
material or the release of wear debris can damage the tissues around the prosthesis, thus 
enhancing the chance of microorganism adhesion. Moreover, substances released by 
corrosion and wear can be used by bacteria for their metabolism so as to change their 
response to antibodies. 

Thus in tissue surrounding prostheses a “locus minoris resistentiae” occurs which helps 
bacteria attachment.” The surface of the material provides the microorganism with the 
opportunity to colonize and this opportunity is preferentially taken by microorganisms 
provided with adhesion mechanisms. 


B. Aspecific and Specific Factors Promoting Bacterial Adhesion and Infection 


Many aspects have to be evaluated when studying peri-implant infection and bacterial 
adhesion mechanisms. The factors promoting a high infection incidence can be both 
aspecific (i.e., common to all postsurgical infections) or specific (i.e., typical of peri- 
implant infections). The pathogenesis of peri-implant infections differs from post- 
surgical infections for the phenomena strictly related to the biomaterial. 

Postsurgical infections, along with prosthesis-associated infections, may be based on 
several mechanisms, related to the patient, the microorganisms, the surgical tissue 
damage and the hospital environment. Patients can show an increased sensitivity to peri- 
implant infection due to depression of the immune defenses. Such deficiency can be 
determined by intercurrent diseases or by immune-suppressive treatments, including 
antiblastic chemotherapy, radiotherapy or corticosteroid administration. 

Microorganisms can be endogenous or exogenous. In the first case, the organisms 
normally growing on the skin and in the nose and oral cavity (e.g., Streptococcus sp. and 
Staphylococcus sp.) or in the gastrointestinal tract (e.g., Bacteroides and Escherichia coli) 
become virulent and cause an infection. In the exogenous transmission, the patient is 
infected either by other patients or by the hospital personnel, directly or by air. As 
mentioned above, microorganisms responsible for hospital infections take advantage of 
the weakening of the body defenses to establish an infection. Among prosthesis- 
associated infection, more than 50% are caused by Gram-positive bacteria, with 
Staphylococcus epidermidis and Staphylococcus aureus as the most frequent agents. 
Enterobacteriaceae have been shown to be the most commonly encountered Gram- 
negative pathogens (25-30%). Streptococci and Pseudomonas sp. also are often involved. 

The widespread use of antibiotics has been associated with the development of 
resistant bacteria following suppression of the host’s endogenous flora. 

The extent of surgical damage to tissues is related to the complexity of the surgical 
procedures (e.g., use of cauterizers or retractors). The duration of surgery, with prolonged 
exposure of the wound, the hematoma formation, and thrombosis occurrence are 
additional factors promoting the entrapment of microorganisms. 

The hospital plays an important role as far as the chances to acquire postsurgical 
infections and the nature of such infections are concerned. The operating rooms are focal 
sites for the development of infections, both because of the exposure of the host’s deep 
tissues and because of the presence of many infection sources, mainly people. Prosthesis- 
associated infections are enhanced by specific factors, including the biomaterial and its 
structure. 
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Virulence properties of bacteria are brought about by bacterial envelopes, including 
the cell membrane, wall and capsule. Some bacterial species with glycocalyx, such as 
S. epidermidis have been shown to adhere onto biomaterials and to form a slime.!*394 
This consists of a mudlike glycidic material that protects bacteria. It is thought to be 
important for intercellular connection during surface colonization. The current concept is 
that the production of slime will be particularly important for events after the initial phase 
of adhesion, which include colonization of various surfaces, protection against phago- 
cytosis, interference with the cellular immune response and reduction of antibiotic 
effects.4° The penetration of antibiotics is hampered by slime, whereas the capture of 
nutrients and the resistance against the host’s defenses are enhanced.?453 Studies on 
S. epidermidis have shown that only some strains are able to form slime.!6 Bacterial strains 
that do not produce slime are less adherent and less pathogenic. Seemingly, not all 
bacteria have a glycocalyx, but those lacking this envelope have also been shown to 
adhere to the artificial surfaces. Actually, the bacterial cell has often more than one 
structure for the adhesion, also, plasma membrane proteins are involved.®’ Other external 
components of the bacterial cell, such as the phospholipids of the plasma membrane or 
the lipoteicoic acid of the S. aureus wall are involved in the adhesion mechanisms. 

Biomaterials can favor infections also by increasing the bacterial replication or 
inducing resistance to antibiotics.**33 Physicochemical characteristics of the material and 
the biomaterial surface organization is fundamental for promoting bacterial adhesion, 
development of protected colonies, and therefore infection. Biomaterials can damage 
tissues both during surgery, such as polymethylmethacrylate (PMMA), which develops a 
high polymerization temperature, or after some time, due to prosthesis micromovements 
and release of wear particles. Moreover, the host’s immune system may be depressed by 
biomaterials. 


II. POROUS MATERIALS AND SURFACE CHARACTERISTICS 
INFLUENCING ADHESION 


A. Bacterial Factors 


Adhesion is a close relationship—often a true receptorial binding—between the 
“living” biological surface of the bacterium and an artificial surface, that of the material 
(which in vivo is coated, moistened, modified by biological molecules and reactive fluids 
of the host). The characteristics both of the adherent bacterium and of the colonized 
material are therefore essential in bringing about the modalities of such a relationship. 

Among the bacterium characteristics, besides the specific adhesive structures (slime 
and/or adhesins) two more properties deserve to be mentioned: hydrophobicity and the 
surface charge. 

Bacterial hydrophobicity of surface is an important physical factor for adhesion, 
especially when the substrata surfaces are either hydrophilic or hydrophobic. The hydro- 
phobicity of bacteria varies according to bacterial species and is influenced by growth 
medium, bacteria age and bacterial surface structure. Generally, bacteria with hydro- 
phobic properties prefer hydrophobic material surfaces, the ones with hydrophilic charac- 
teristics prefer hydrophilic surfaces. 

Bacterial surface charge may be another important physical factor for bacterial 
adhesion. Most particles acquire an electric charge in aqueous suspensions due to the 
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ionization of their surface groups. The surface charge attracts ions of opposite charge in 
the medium and results in the formation of an electric double layer. Isoelectric point, zeta 
potential and electrophoretic mobility characterize the surface charge. Bacteria in 
aqueous suspensions are generally negatively charged. Bacterial species, growth medium, 
bacterial age and bacterial surface structure affect surface charge.!®-4! 

As far as the material is concerned, both the chemical and the physical properties of its 
surface affect the adhesion. According to Gristina and Costerton,*! S. epidermidis 
preferentially adheres to polymers and S. aureus to metals. The implant surface properties 
may influence the adherence of staphylococci to prosthetic materials.+-!* Finishing the 
material surface with a repellent coat to reduce bacterial adherence can reduce the risk of 
developing an infection. Many studies were focused on the search for coatings able to 
make the material repellent to bacterial adherence. Surfaces of biomaterials soaked with 
antibiotics, or coated with polyacrylamide films bound to antiseptic substances, or with 
quaternary amines containing organosilicon salts have shown antibacterial 
properties. !93°37-65 Staphylococcus adherence on polystyrene was limited by modifying 
artificial surface with surfactants.!> A significant reduction in bacterial adherence was 
noted on polyethylene therephthalate surface modified with polyethylene oxide.*! 
Biologic molecules, such as heparin, were also successfully used for this purpose.*? 

Most of the above listed treatments were performed on polymers, but metal surfaces 
can also be modified. Dunkirk et al.,?> for example, have proposed photochemical 
coupling process both on polymers and metals for the prevention of bacterial 
colonization. Opalchenova et al. have demonstrated a significant antimicrobial effect of 
calcium phosphate ceramics.>° Among the most important chemical characteristics of the 
material surface affecting bacterial adhesion are hydrophobicity and hydrophilicity. 
Depending on the hydrophobicity of both bacteria and material surfaces, bacteria adhere 
differently to materials. Besides chemical characteristics, equally important are physical 
properties, particularly porosity, roughness and surface configuration. 


B. Porosity 


Porous materials are used in a variety of biomedical applications including implants 
and filters for extracorporeal devices. In other applications, porosity may be an 
undesirable characteristic since pores concentrate stress and decrease mechanical strength. 
Perhaps the most important physical quantity associated with porous materials is the solid 
volume fraction, V,. The porosity, often expressed as a percent figure, is given by: 


Porosity = 1 — V,. (1) 


It is also noted that there are three measurements of volume, i.e., true, apparent, and 
total (bulk) volume: true volume = total volume — total pore volume; apparent volume = 
total volume — open pore volume; total pore volume = open pore volume + closed pore 
volume: 

The pore size is important in situations in which tissue ingrowth is to be encouraged, or 
if the permeability of the porous material is of interest. Porous materials may be 
characterized by a single pore size, or may exhibit a distribution of pore sizes. Porosity 
and pore size can be measured in a variety of ways. If the density of the parent solid is 
known, a measurement of apparent density of a block of material suffices to determine the 
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porosity. Mercury intrusion porosimetry is a more precise method that measures the 
porosity and the pore size distribution. In this method, mercury is forced into the pores 
under a known pressure and the relationship between pressure and mercury volume is 
determined. Since the mercury has a high surface tension and does not wet most 
materials, higher pressures are required to force the mercury into progressively smaller 
pores. If a single pore size predominates, it can be measured by optical or electron 
microscope.>° 


C. Surface Roughness 


Surface roughness is a two-dimensional parameter, which can be measured by “rough- 
ness measuring systems” such as the stylus system and is commonly described as the 
arithmetic average roughness. It is a distance measurement between the peak and the 
valley part on a material surface and does not represent the morphological configuration 
of the surface.!? 


D. Surface Configuration 


Closely related to surface roughness is the surface configuration. This is a three- 
dimensional parameter much more complex than the simple roughness. It gives a 
morphological analytical description of the pattern of a material surface, or a gridlike 
surface. Physical configuration is routinely evaluated by scanning electron microscopy. 

Examined by electron microscopy, microorganisms seem to have a preference for the 
irregular and porous surfaces. These actually offer a wider exposed surface and provide 
hospitable niches in which bacteria can lurk and establish protected colonies. All kinds of 
material (metals, polymers, ceramics, composites, etc) can have surface irregularities, 
particularly when built as complex prostheses or made by assembling different pieces. 
The same applies to porosity, which, however, is generally more noticeable with some 
materials, such as, for example, resorbable ceramics like hydroxyapatite. McAllister et 
al.^5 found that the irregularities of polymeric surfaces promote bacterial adhesion and 
slime formation. Baker and Greenham!! found that roughening the surface of either glass 
or polystyrene with a grindstone greatly increased the rate of bacterial colonization. 
Surfaces of implant materials with high porosity which are to be located in the oral cavity 
were found to be 25-fold more adhesive (and thus more prone to bacterial plaque 
formation) than smoother surfaces. Typical examples of the importance of the surface 
configuration are suture threads. They are both differently rough according to the 
constituting material (a higher roughness associated with natural threads, as silk and 
cotton, smoother with synthetic threads, like nylon) and to their weave, depending on 
whether they are made by a single or miltiple filaments. Merritt et al.“ found that implant 
site infection rates are obviously different between porous and dense dental materials, and 
porous materials have a much higher rate of infection. This finding is consistent with the 
knowledge that bacteria preferentially colonize porous surfaces. 


I. METHODS 


A. Microscopic Observations 


The optical microscope is probably the simplest instrument for the observation and 
counting of adherent microorganisms The obvious limitation is the requirement for 
optically clear, planar material for the substratum. The procedure also involves cell 
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fixation, destroying the organisms, and does not provide information on viability. 
Moreover, if bacteria gather in clusters, chains or bunches, or if bacteria are covered by 
slime both the staining and the counting may present difficulties. With some thin and 
transparent material, the microscopic observation of adherent bacteria is easier by means 
of phase contrast microscopy, or with an inverted microscope.!° After staining with 
fluorescent dyes specific for nucleic acids, bacteria adherent to opaque materials can also 
be observed. By this technique bacteria adherent to individual filaments of a braided 
suture can be localized and counted (unpublished data). 

The scanning electron microscope (SEM) has a particular advantage in counting the 
number of organisms on opaque or highly textured surfaces; for example, it has been used 
to count bacteria on metals, plastics, ceramics, and catheters. The scanning electron 
microscope has the same limitations of the optical microscope in that individual members 
of aggregates cannot be reliably counted. Transmission electron microscopy (TEM) 
allows to estimate the clustering of bacteria and in some cases to locate the preferential 
sites of bacterial colonization onto porous materials.* 


B. Detaching and Counting Adherent Bacteria 


The European Standards EN 1174-1 and EN 1174-2 (Sterilization of medical devices - 
Estimation of the population of microorganisms on product) describe the techniques for 
detaching of microorganisms from medical devices. Detached microorganisms are then 
collected onto filters and the filters are placed onto agar plates for culturing and counting 
of the colonies. In the stomaching technique the material and a known volume of eluent 
are enclosed in a sterile stomacher bag. This method is particularly suitable for soft, 
fibrous materials. 

Ultrasonication is particularly suitable for solid impermeable samples and for products 
with complex shapes. The sonication energy and time of sonication should not be so great 
as to cause disruption and death of microorganisms. In our laboratory, in order to detach 
bacteria adherent to the biomaterial surfaces, the tubes containing the tested materials and 
5 mL of saline were placed in the ultrasonic bath cleaner (Branson DTH 2210) operating 
at 47 kHz, 234 W, and sonicated for 6 min. 

Other techniques for the removal of microorganisms include shaking with or without 
glass beads with a mechanical shaker; vortex mixing (only suitable for small materials 
with regular surfaces); flushing (the eluent is passed through the internal lumen of the 
product); blending or disintegration in a known volume of eluent. 


C. In Vitro Quantification of Bacterial Adhesion onto Porous Materials 


Bacteria adherent to biomaterials are quantified using microbiological techniques 
(e.g., turbidimetric technique, radioactive labeling, dye elution, agar overlaying and con- 
tact plate). The quantitative evaluation of bacterial adhesion has to be assessed on sample 
with the same area. The adhesion has to be assessed on samples with the same surface area. 
The device in the final configuration is to be preferred to the raw material when testing 
bacterial adhesion, as the adhesive phenomena strongly depend on the surface geometry. 
Nylon is usually chosen as a negative control, since it is refractory to bacterial adhesion. 

In our study, a very high adhesion rate was observed onto natural sutures, whereas it 
was lower onto synthetic resorbable sutures and at a minimum onto unresorbable 
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synthetic ones. Braided sutures promote adhesion much more than monofilaments. 
Sugarman and Musher examined the effects of physical configuration of suture materials 
on bacterial adhesion: adhesion of bacteria to gut suture was up to 100 times greater than 
to nylon, and adhesion to polyglycolic acid or silk was intermediate.° When silicones are 
tested, adhesion to irregular surface of soft silicones is higher than that measured for hard 
silicones.* 

Bacterial adhesion can be measured by the method of dye elution described by Merritt 
et al.,*8 consisting of dyeing adherent bacteria with crystal violet, eluting the dye with 
ethanol and measuring the eluted dye with a spectrophotometer. Materials are cut in 
6 mm diameter disks and sterilized by dipping in 95% ethanol for 3 min and rinsed three 
times with sterile saline solution. Disks are incubated in 12-well plates with 2 mL of 
trypticase soy broth for 48 h at 37°C in the absence and in the presence of S. epidermidis 
RP62A, a standard strain for adherent organisms. Bacteria are seeded in each well at a 
final concentration of 10° colony forming units/mL. At the end of incubation, disks are 
transferred to anew 12-well plate, washed five times with 4 mL of saline and fixed for 
5 min with 2 mL of formalin. The fixative is removed by washing 5 times with 4 mL of 
distilled water and disks are dyed for 3 min with Hucker crystal violet solution. Excess 
dye is cleared by washing disks 5 times with 4 mL of saline following which the dye is 
eluted with 0.5 mL of ethanol for 5 min with gentle agitation. At the end of the elution 
100 uL aliquots of each eluate are transferred to a 96-well plate and the absorbance 
measured with a spectrophotometric microplate reader at 540 nm. 

Radiolabeling is a sensitive method for counting the number of microorganisms on the 
material surface. 7H, '4C, 3P, 35S, !!'In, Se were employed as radioactive tracers for 
labeling microorganisms.®+ 

The agar overlaying consists of coating the surfaces of the material with a molten agar 
culture medium (at a maximum temperature of 45°C). After the incubation period 
colonies are visible. Contact plates or slides are means by which solidified culture 
medium can be applied to a surface with the intention that viable microorganisms will 
adhere to the surface of the medium. The plate or slide can then incubated to produce 
colonies, which can then be counted. Results are directly related to the area in contact 
with the solidified culture medium. 


D. Capability of Modifying Bacterial Structure Following Adherence to Prostheses 


Bacterial adherence is not restricted to a simple physical contact between the micro- 
organism and the biomaterial surface; a biochemical interaction is needed. Therefore, the 
changes in bacterial surface arrangement following adhesion to biomaterials have to be 
studied. A possibility is represented by the study of the structural variations in micro- 
organisms, which can be quantified after the adhesion step. In our laboratory, the 
phospholipids of the bacterial cell membrane have been identified by capillary column 
gas chromatography. By this procedure, the long chain fatty acids of the bacterial cell 
wall can be identified both before and after adherence to materials. This is accomplished 
by calculating the retention time and the relative area underlying the peaks of the 
chromatograph. Following adhesion of S. aureus onto PMMA and heparin-surface- 
modified PMMA (HSM-PMMA), the bacterial fatty acids were found significantly 
altered upon adhesion to the modified surface.’ 
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E. Resistance to Antibiotics and Bacterial Adherence 


Enlightenment regarding the pathogenetic mechanisms of the biomaterial-associated 
infections is the necessary premise for the adoption by clinicians of efficacious 
prophylactic and therapeutic measures. The available antibiotic therapies are usually 
ineffective, because of the antibiotic resistance of the bacterial strains isolated from peri- 
prosthesis tissues. The onset of antibiotic resistance in staphylococci responsible for 
nosocomial infections has been ascribed to the positive selective pressure carried on by 
the large clinical usage of broad-spectrum antibiotics. 

With regard to the antibiotic resistance of bacteria isolated from peri-prosthesis 
infections, it can be conceived that the biomaterial, acting as a substrate for the bacterial 
adherence, leads to a selection, among the whole contaminant bacterial population, of 
variants endowed with more marked adhesive properties as well as with increased 
resistance towards antibiotics. However, the relationship between adherence and 
antibiotic resistance has not yet been elucidated, nor is it clear whether the correlation 
between the two bacterial features is always positive. 

The resistance to antimicrobial agents can also be acquired through transfer of genetic 
material from a bacterium to another by transduction, transformation or conjugation. 
Therefore a population of bacteria susceptible to antibiotics, provided it is large enough, 
is likely to contain some antibiotic-resistant mutants which can preferentially multiply 
under the selective pressure of the drug. Moreover mutational changes conferring anti- 
biotic resistance may simultaneously alter virulence factors and thus modify the bacterial 
pathogenicity 2660.64 

The role of biomaterials in the selection of more adhesive and more antibiotic-resistant 
mutants could be investigated by employing a strain slightly resistant to antibiotics before 
the exposure to biomaterials. 

Antimicrobial susceptibility testing after adhesion to devices has been carried out with 
antibiotics commonly used in surgery. The area of inhibited growth around each anti- 
biotic disk was measured using the image analyzer.*! All materials intended for 
implantation should be assayed, as the possibility that an increased resistance to anti- 
biotics is induced cannot be excluded. 


F. Inhibition of Bacterial Replication by Biomaterials 


In vivo bacterial adhesion is associated with bacterial growth in protected colonies. 
The possibility that biomaterials affect bacterial replication cannot be disregarded. An 
increase in bacterial growth could be one of the ways through which the device enhances 
infectability. Bacterial replication in vitro in the presence of biomaterials is compared 
with controls without materials. 


G. Phenotypic Characterization of Slime Production 


The production of slime by the strains detached from infected biomaterials can be 
studied by means of two different methods: the Christensen method (this method involves 
incubation of the microorganisms on polystyrene plates, dyeing with crystal violet and 
reading the optical density),!’ and by the culture of the strains on Congo Red agar.”® 
Plates are incubated for 24 h at 37°C and subsequently overnight at room temperature. On 
these plates the nonslime-forming colonies appear red and black the slime-forming ones 


Bacterial Adhesion to Irregular Surfaces 339 


appear black. The Staphylococcus strains are classified into slime-forming and nonslime- 
forming. 


H. Research on Bacterial Genes for Adhesion and Antibiotic Resistance 


S. epidermidis and S. aureus are opportunistic pathogens involved in biomaterial- 
centered infection. Genes encoding antibiotic-binding proteins (mecA) and genes required 
for specific adhesion mechanisms (adhesin genes, i.e. the genes encoding surface 
receptors for collagen, fibronectin, fibrinogen) are searched in resistant/adhering bac- 
teria of periprosthetic infections by means of polymerase chain reaction (PCR) 
techniques.?84052 

The adhesins that mediate the binding of host proteins, termed MSCRAMMs to denote 
their role as “microbial surface components recognizing adhesive matrix molecules,” 
could mediate adhesion on prostheses by binding to host protein that in vivo cover the 
implant surface.??4357° What is the role of MSCRAMMs? We suggest that a study of 
the presence and expression of genes for adhesion molecules may help in clarifying the 
relevance of the different adherence mechanisms in the pathogenesis of prostheses 
associated infections.*° Genes encoding MSCRAMMs of Staphylococcus aureus that bind 
fibronectin, fibrinogen, elastin, osteopontin and collagen have been identified. 


I. Bacterial Adhesion to Porous Materials 


The material’s surface and the biological environment’s features affect the adhesive 
behavior of microorganisms. In order to reduce the incidence of prosthesis-associated 
infections, several biomaterial surface treatments have been proposed. It has been, more- 
over, inferred that infections should be controlled not only by direct inhibition of bacterial 
adherence, but also by enhancement of tissue compatibility or integration. Over the last 
few years, with the progress in knowledge, the concept itself of biocompatibility has 
changed. If once the ideal biomaterial was considered that maximally inert, today the 
search is for a bioactive material, able to positively interact with the host tissues. 

A metal prosthesis surface treatment with hydroxyapatite (HA) was recently devised in 
order to promote integration between bone tissue and prosthesis.®? Clinical studies 
performed on implants, up to now, highlight how HA-coating improves the bone- 
biomaterial interface, conferring therefore on the prostheses good osteointegration 
capabilities. Some studies suggest that use of HA-coated prostheses is related with a lower 
infection incidence. In prostheses more exposed to the risk of contamination, such as 
screws for external fixation, this behavior could result extremely advantageous. 
Hydroxyapatite is a highly bioactive material, which rather quickly undergoes surface 
modifications after implantation. 

In our laboratory the adherence of a staphylococal strain to HA-coated stainless steel 
screws has been evaluated in vitro as compared with the adherence measured on uncoated 
stainless steel screws.’ Adherence was also evaluated after prolonged immersion of the 
screws in saline, in order to modify the surface properties as it happens in vivo. Kummer 
et al.4? demonstrated increased instability of HA-coatings when tested in 
physiological solutions. Radin et al.*! studied the dissolution of HA in simulated inter- 
stitial fluid. Surface reactivity, i.e., capability to interact in vivo with surrounding tissues 
and fluids as related to bone formation and bone tissue bonding, was evaluated by 
Ducheyne et al.*? by means of zeta-potential measurement in several physiological 
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solutions; these measurements act as a suitable method to assess the actual state of the 
solid solution interface in situ. In our study, HA-coating modifications were evaluated by 
determining Ca and P concentrations in the medium in relation with immersion time. The 
adherence tests were performed: 


1. on coated and uncoated screws exposed to air; 

2. on coated and uncoated screws kept for 72 h in 0.9% NaCl, then removed from the solution, 
washed with saline and reincubated in fresh medium; 

3. oncoated and uncoated screws kept for 168 h in 0.9% NaCl, then removed from the solution, 
washed with saline and reincubated in fresh medium. 


Bacterial adherence on HA-coated screws resulted significantly lower than on uncoated 
screws. In HA-coated screws adherence decreases significantly after immersion in 
solution; concurrent release of calcium and phosphorus from screws has been observed. 
These observations point out that both surface properties and their changes after 
immersion in saline solution influence bacterial adherence. Surface properties can there- 
fore favor in vivo the material—tissue integration, and at the same time can limit materials 
infectability. In the specific case of the HA-coated screws examined in our study, if it is 
assumed that the Ca and P release is representative of the material's tendency to 
integrate with bone tissue, and that such a tendency matches with the tendency to hamper 
bacterial adherence, it can be inferred that the most refractory surface to bacterial 
adherence is the one which allows the maximum prosthesis integration. This approach 
allowed the evaluation of, in conditions close to the real in vivo situation, the anti-adhe- 
sive properties of the HA coating and suggested that HA-coating limits infectability both 
by favoring the material—tissue integration and reducing bacterial adherence. 


J. New Technology: Atomic Force Microscopy 


Atomic force microscopy (AFM) has been shown to be an exquisitely sensitive tool for 
analyzing whether interactions between bacteria and biomaterial surfaces are attractive or 
repulsive and for understanding the nature of the underlying forces.” To perform AFM 
measurements a confluent bacterial lawn on the surface of a suitable support is 
established. In the absence of a confluent cell layer AFM is used in imaging mode prior to 
force measurements, in order to locate bacteria. Then the tip of the cantilever, made of 
silicon nitride, is approached towards the surface in 100 nm increments and the force 
curves recorded to determine the initial interactions between surfaces and bacteria. 
Measurements of forces between bacteria and different biomaterials are made by 
attaching microspheres of the material under investigation onto the cantilever and 
probing bacterial lawns. This approach is limited by the scarcity of biomaterials that can 
be shaped as microspheres 10-30 um in diameter. Alternatively the cantilever tip can be 
coated with a confluent layer of bacteria and force curves between the modified tip and a 
planar surface of the material to be investigated can be obtained. In this mode AFM can 
be readily employed to measure the interactions between virtually any bacterium and 
surface of interest. 
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I. INTRODUCTION 


In medical practice, in both developed and developing countries, use of tubular devices 
such as drainage systems to remove urine, blood or wound fluids, or tubes to keep 
respiratory airways clear, is essential for sustaining the life of many millions of patients. 
These devices can be made by using a patient’s own tissues, such as blood vessels 
transferred from one site to another, or intestinal tissues used to make a urinary conduit. 
In addition, because of advances made in polymer chemistry many artificial options such 
as urinary, peritoneal and central venous catheters, stents, shunts, tracheal and drainage 
tubes are now available.*!':!7 Indeed, the majority of patients entering an intensive care 
setting or undergoing invasive surgery will require temporary use of one or more of such 
tubular devices. 

While biocompatibility of a prosthesis is important, tubular devices tend not to be in 
place for long periods, tend not to be integrated into host tissues, and most are removed 
through open access (for example, via skin or urethra) once their function has been 
completed. It is the infection of these devices which constitutes the main clinical problem 
and the most significant barrier to their use.?° For example, many hospitalized patients 
who are catheterized in the urinary tract will develop infections.'+3! The primary stages 
of infection usually involve microbial adhesion to the conditioning film covered 
biomaterial, and this process will form the focus for the following sections with respect to 
how such adhesion can be studied in vitro and in vivo. 

The formation of microbial biofilms has distinct stages, depending to some extent upon 
the location and accessibility of microbes. This process has recently been described in full 
elsewhere.!°-!®!7 Some of the tools used to study biofilms also provide insight into 
adhesion and colonization. 


II. DIFFERENT TYPES OF SURFACES 


Many different materials are employed in tubular form for human usage. These can be 
man-made or naturally derived. The most commonly used substances are polyethylene, 
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polytetrafluoroethylene, polyurethane, polyvinyl chloride, silicone, styrenic thermo- 
plastic elastomer and latex rubber as well as metals.? Other materials, including metals 
such as titanium, biodegradable meshes coated with collagen, and living tissues, are the 
subject of experimentation and appear to have potential for human use.” 

Prior to testing any materials for bacterial adhesion, it is wise to have comprehensive 
knowledge of their chemical and physical properties. A series of techniques have been 
used for this purpose including scanning electron microscopy (SEM), X-ray photo- 
electron spectroscopy (XPS), energy dispersive X-ray analysis (EDX), secondary ion mass 
spectrometry (SIMS), polar and nonpolar fluid contact angle measurements, Fourier 
Transform infrared (FTIR) spectroscopy, atomic force microscopy (AFM), and high 
performance liquid chromatography (HPLC).*!*°8 These types of analyses indicate the 
hydrophobicity, charge, chemical composition, roughness and topography of the 
materials; all these factors can influence microbial adhesion. 


A. Urinary and Peritoneal Catheters 


Various types of catheters are available commercially. It is important to find out from 
the manufacturer or distributor whether or not the material has been surface treated. For 
example, some hydrophilic catheters are prepared by dipping the end section into the 
coating. This means that if this device was used for testing in vitro, the exact position of 
the coat would need to be determined, otherwise sections which were coated could be 
tested with ones which were uncoated. Also, coatings have different properties and some 
will come off the material within a short timeframe, while others will expand and alter the 
dimensions of the material. Not all coatings cover the inside and outside surfaces, and this 
should be determined prior to analysis. Some materials have antimicrobials used as 
coatings or integrated into the material, and these will influence microbial adhesion. 
Coloration should be consistent between batches. The internal dimensions of the catheter 
should be indicated on the packaging: this is important for reproducibility to make sure 
that the surface area of each section to which organisms are being exposed is identical. 
Lastly, many catheters have holes punched along the device: care must be taken to 
analyze sections with the same hole patterns or without any holes, otherwise adhesion 
results will be variable. 

The nature of catheter infections, especially in the peritoneal cavity means that host 
proteins are often densely covering the inner parts of the device. Care must be taken not to 
disrupt this film when processing devices collected from patients. 


B. Stents 


Ureteral, prostatic and biliary stents are composed of similar materials to those used in 
catheters. Stents were invented in 1970 and are defined as endoluminal mechanical 
support.” They tend to be much smaller in their internal diameter. If analyzing stents 
removed from patients, the ends must be marked (for example kidney versus bladder). 
Often there are loops at the end to enhance placement. These represent the parts closest to 
the organs. The nature of the bending make them more difficult to examine 
microscopically. 

Urinary and biliary stents tend to become encrusted with calcium, magnesium and 
phosphate compounds which are extremely brittle. Thus, care must be taken when 
dissecting in vivo sections for analysis. In the near future, bioabsorbable and 
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biodegradable stents will become commercially available.*°° These will have to be 
handled with particular care because by design they will degrade under certain 
conditions. 


C. Vascular Tubes 


Medical devices and host blood vessels are used as vascular grafts. While the study of 
human vessels themselves is important, to best mimic the in vitro situation, the junctions 
of the stitching where the new blood vessel (or material) meets the old one should be a 
focus for investigation. It is at this interface where organisms are most likely to adhere 
and infect. If analyzing host tissues, it is vital to maintain their viability for the duration of 
the experimentation. Flow cell studies will provide the most useful data, as they can better 
simulate tubular flow found in vasculature. Selection of material for study could include 
polyurethane with heparin covalently attached, as this has been found to reduce microbial 
adhesion on central venous catheters.” 

In general terms, for any given tube, sections between 1 and 5 cm should be adequate 
for study, with triplicate samples being tested. 


HI. SELECTION OF ORGANISMS AND SUSPENDING FLUIDS 


Invariably the organisms chosen for experimentation represent the pathogens which 
cause the most severe diseases. In rare instances, researchers may use bacteria because of 
their special, defined properties or because they represent normal flora which are believed 
to reduce the risk of infection. The difficulty comes when selecting the actual strains and 
their condition at the time of experimentation. There has been some debate in this area. 
One line of thinking is that the bacteria should be grown to express certain key virulence 
factor(s) or to optimize their ability to adhere. Others believe that the organism must 
originate from and also mimic the environment in which they infect the host, and not be 
subjected to repeated subculturing. A further consideration is that whatever culture 
conditions are chosen, it is preferred that the surface properties of the strains be known. 
For example, growth phase can alter hydrophobicity and expression of adhesins such as 
fimbriae. 

Once grown, the organisms are usually washed or filtered to remove remnants of the 
growth media (unless say urine is used for growth and for adhesion testing). The washing 
often exposes the organisms to centrifugal forces which can affect and potentially remove 
surface adhesins. Reincubation of the final suspension at 37°C for 30 min may some- 
what stabilize the organisms. Selection of concentration is important. Many bacterial 
adhesion studies have used 1000 times more bacteria than cells”? or concentrations of 
1x108 per mL! for 1cm long biomaterial sections. Lower concentrations are useful if the 
experiment is over a longer duration (as growth may occur and be important to the end 
point) or to simulate a lower inoculum at a particular infection site. 

The fluid in which microbes and biomaterials are suspended can influence greatly the 
ability for adhesion to occur.! Where possible, the suspending fluid found in vivo should 
be used. However, as this might be difficult to sterilize without damaging its make-up, or 
it may increase or decrease growth of the organisms, physiological buffers can be used. 
Phosphate buffered saline has tended to be the fluid of choice, but other options such as 
artificial urine!? can be used, but they may not contain hormones, intermediate 
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Figure 1. In scenario A, a flow chamber is linked to an image analysis system and the 
material is flat. In scenario B, a tubular piece of a device is examined. The bacterial 
suspension flows over the material and is dispensed or recycled. 


metabolites (e.g., phenols, lactic acid), proteins (e.g., Tamm Horsfall glycoprotein) and 
cellular components (e.g., antibodies, red and white blood cells). The pH, electrolyte 
content and osmolarity should be checked for consistency prior to use. 


IV. METHODS OF DETERMINING MICROBIAL ADHESION 
AND DATA ANALYSIS 


Experiments can be performed in static or flow conditions. The former mimics the 
contact made between a material and organisms on a tissue, such as the urethra or skin, 
while flow conditions simulate blood and urinary flow through tubes. If the primary goal 
of the experiment is to determine microbial adhesion to the inner portion of tubes, it is 
best to have a flow system in place (Fig. 1). Ideally, this should take into account Eddy 
currents, friction and air bubbles which can cause backflow and disruption of biofilms, 
respectively. Two devices have proved useful: the Robbins device® which has several exit 
points for inserting materials and the flow cell chamber.* Flow times can vary from a few 
minutes to hours, and even days. Most adhesion experiments are run for a few hours, 
while those for biofilms are run for two to five days. The fluids can be recycled and reused 
or replaced at a constant rate. For lengthy biofilm studies, replacement of fluids being 
flushed into the system is essential. The flow rate can mimic the slow dripping from the 
urethra into a catheter or the more rapid flow of micturition upon intermittent catheter 
insertion or peritoneal dialysis exchange. 

A disadvantage of these two methods is that the surfaces should be flat when tested. In 
order to maintain a cylindrical shape during testing, the material can be attached at both 
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Figure 2. SEM image of Gram-positive coccal biofilm and encrustations deposited onto a 
ureteral stent recovered from a patient. 


ends to tubing which provides an input and outlet for flowing the microbial suspension 
(Fig. 1). Controls should use the suspending fluids without microbes. 

The flow cell chamber allows for real time analysis and quantification via a camera and 
video system if the material is opaque or used as a flat surface. The material can be further 
analyzed upon removal from the chamber. In general, enumeration of viable microbial 
counts requires removal of the organisms from the surface by water bath sonication, 
followed by dilution and inoculation onto an agar plate. Additional scraping and vortexing 
have been found to supplement the sonication.'* Simply rolling the device over an agar 
plate is inadequate for accurate enumeration as the organisms do not easily come off the 
devices. Duplicate and triplicate plate counts should be collected and analyzed 
statistically. 

Many studies of microbial adhesion have utilized SEM.”:!3-7!,2732 This can provide a 
useful visualization of the process which has taken place, such as bacterial biofilm 
formation (Fig. 2) and encrustation deposition (Fig. 3). While samples can be fixed prior 
to gold coating, it is possible to air dry them and process without fixation, thereby 
minimizing the hydration effects of the fixatives. Of course, to view the inner surface of 
tubes, the material must be dissected, and this itself can disrupt adherent organisms. The 
difficulty with SEM is to obtain a reliable count of adherent bacteria especially when 
multilayered biofilms and host proteins and encrustations are present. Also, if there is a 
mixed culture of two rod shaped species, SEM will not easily differentiate (except if 
labeling and back scatter mode is used). 


V. CONCLUSIONS 


A large number of tubular devices are used each year in clinical and surgical practice to 
drain wounds, provide new blood vessels and conduits, and manage excretory output. 
Many types of microorganisms adhere to and colonize these structures, which are host 
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Figure 3. SEM image of ureteral stent recovered from a patient. The stent was opened 
logitudinally to show the extent of encrustation which was almost sufficient to block the 
flow of urine. 


originated or made from polymers and metals. Therefore, there is much interest in the 
mechanisms whereby such adhesion processes occur and how infectious agents can be 
either prevented from adhering or removed once attached. The practical methods used to 
analyze material from in vitro investigations and materials removed from the host are the 
subject of this review. It is hoped that the reader will be provided with insight into the 
complexity of adhesion and be stimulated to contribute further knowledge to this 
important field. 

There are many aspects to be considered when studying microbial adhesion to tubes. It 
is essential to have clear and feasible objectives from the outset and to utilize surfaces, 
organisms, fluids and test systems best suited to providing reliable answers (Fig. 4). 
Bacterial adhesion studies very often have quite large sample variations and so repetition 
is essential. Variations are also noted in vivo making it somewhat difficult to interpret 
adhesion counts. For example, a count of 5 bacterial per cell can be found on patients with 
symptomatic urinary tract infection, as can a count of 100 per cell. So is 100 significantly 
higher than 5 — yes, but what is the clinical significance? Just so, if 10,000 bacterial 
adhere to 1 cm of a polyurethane material and 100,000 to a polystyrene surface does this 
translate into clinical significance? The situation is made more complex by the finding of 
adherent bacteria, without signs and symptoms of infection, in certain patient popula- 
tions — spinal cord injured, peritoneal dialysis and ureteric stent patients.!°*! Therefore, 
the study of adhesion must, I believe, coincide with practical relevance, and the interpre- 
tation of data with respect to clinical significance must be done with a degree of caution. 
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I. INTRODUCTION 


Oral biofilms harboring pathogenic bacteria, are the major contributing virulent factors 
associated with diseases of the oral cavity, such as tooth decay, gingivitis and 
periodontitis. In addition to the virulent properties of the biofilm, adhesion to oral 
surfaces is a key factor in the survival of bacteria in the oral cavity. Bacteria that are not 
part of a biofilm are ordinarily flushed out of the oral cavity. The dental biofilm is not 
only a site harboring oral bacteria, but may serve as a protective environment for the 
embedded microorganisms. Within the biofilm ecosystem, microorganisms are less 
susceptible to antibacterial agents, and are better protected from the host defense system. 
It is also conceivable that bacteria in the biofilm exhibit different phenotypic and 
genotypic characteristics than do planktonic bacteria. In addition, cell-free proteins and 
enzymes may differ in their characteristics and activity, probably due to conformational 
changes upon being immobilized on the surface, and due to local conditions in the biofilm 
environment. 

Biofilms in the oral cavity are diverse microbial communities embedded in a matrix of 
bacterial and host-origin constituents. The formation and maturation of the oral biofilm 
follow a series of dynamic biological events. The preliminary stage is the formation of an 
acquired pellicle (conditioning film) comprised of cell-free host constituents, mainly 
salivary components, and bacteria-free constituents. In the second stage, early colonizers 
bacteria adhere to the pellicle. This is followed by adhesion of late bacteria colonizers and 
co-adhesion occurs. Next, bacteria propagate within the biofilm, after which a steady 
state is achieved with the surrounding environment. 

Diversity is the key feature of the oral cavity. Numerous types of hard and soft surfaces 
are part of the oral cavity. Among the hard, nonshedding surfaces are enamel, restorative 
materials, implants, prosthetic and orthodontic appliances. All of these differ in their 
chemical and physical surface properties and in their surface topography. Some of these 
surfaces are temporarily placed in the oral cavity, as orthodontic appliances, removable 
prosthetic appliances or temporary restorations. Yet, even the permanent hard surfaces 
may undergo modification in course of time due to changes of the oral environment. For 
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example, enamel surfaces undergo surface fluoridation following exposure to fluoride. 
Sedimentation of minerals may occur on the enamel surface, thus changing the surface 
properties of the tooth. Changes in surface topography may also occur when restorative 
material and enamel surfaces undergo abrasion, erosion or microcracking processes. 

The different locations of the various surfaces within oral cavity may generate further 
variations in biofilm formation, although these hard surfaces are regarded as part of the 
same physiological organ and are bathed in the same physiological medium. Patterns of 
salivary flow in the oral cavity, proximity to the opening of the salivary gland ducts, 
airflow, differences in exposure to food and beverage intake, may be accounted for 
additional variability within types of biofilms. 

Taken together, it is likely that a wide variety of biofilms are present in the oral cavity. 
Indeed, the available data suggest that the oral biofilms are unique in their constituents 
and properties. Such diversity makes it imperative to investigating each type of biofilm 
individually while examining its effect on the pathogenicity of dental diseases. 

In this chapter we shall review the formation and composition of biofilms on several 
hard surfaces in the oral cavity and in models. By far, most of the research on oral biofilms 
has focused on enamel plaque, and information on oral biofilms of other dental surface 
stems largely from the extensive research conducted on enamel biofilm. 


II. DENTITION 


Dental plaque biofilm, related to tooth surfaces, has been studied extensively over the 
last fifty years both in vitro and in vivo. The tooth biofilm plays a major role in the 
pathogenesis of tooth decay by harboring cariogenic bacteria that generate acid due to 
metabolism. The resulting organic acids cause decalcification of the enamel, which leads 
to cavitation of the tooth. 

The formation of dental biofilm on the tooth surface is a dynamic process involving 
several phases.!>-°! The initial adsorption of cell-free host and bacterial constituents onto 
enamel surfaces is a rapid process.!®58-°3 The interactions of the adsorbents with 
the enamel surface are of high affinity and are highly dependent on the nature of the outer 
enamel surface. The composition of this primary conditioning film (acquired pellicle) is 
of utmost importance in the transformation of the cell-free film to bacteria-containing 
biofilm. This stage involves specific and nonspecific interactions between the acquired 
pellicle and the adsorbed bacteria. The biofilm maturation process involves further 
adhesion, co-adhesion and bacterial growth, during which a shift in the bacteria 
population occurs, until a dynamic steady state is achieved between the biofilm and the 
oral environment. 

The bare enamel surface is the primary layer of the tooth that interacts with the 
developing biofilm.**°! The properties of the outer enamel surface can influence this 
initial adsorption of constituents of the pellicle, and most probably influences the 
subsequent processes of pellicle maturation and dental plaque biofilm formation. The 
enamel surface is a heterogeneous layer exposing various chemical functional groups. 
This heterogeneity is further induced due to exposure to food, chemical agents, and drugs. 
For example, phosphate groups on the outer enamel surface attract cations, as calcium, to 
the Stern layer (liquid adhesion surface adjacent to the solid) which can further affect the 
formation of the pellicle.’ Treatment of enamel with fluoride applications results in the 


Plaque Biofilms on Dental Surfaces 355 


formation of CaF, deposits on the surface.*°? The CaF, deposits, in turn, influence the 
adsorption of proteins demonstrating a reduction in the total adsorbed proteins.** 
However, the affinity of albumin to fluoridated hydroxyapatite (HA) is increased while 
the affinity of lysozyme was without significant effect compared with HA.*? 

Surface free energy, contact angle, hydrophobicity and wettability are additional 
important properties of the enamel surface which affect the initial adsorption. The 
physical parameters are a consequence of the enamel’s interactions with its immediate 
environment. These parameters, as wettability and contact angle may even change during 
the course of the day time.°* During the first five minutes of pellicle formation, the free- 
energy on the surface is increased, after which it remains constant for at least 2 h.?* 
Although this may seem to be a violation of the second law of thermodynamics, the 
authors explain that the driving force for this process is most likely the free-energy of 
the proteins, which is decreased upon adsorption. Chemical agents may also alter the 
surface free energy of the enamel. For example; aminofluoride and sodium fluoride 
decrease the surface free energy of bare enamel.?>47 

Tooth surfaces are covered with the acquired pellicle film. While the overall protein 
pattern of the acquired pellicle shows characteristics typical of saliva, the salivary 
pellicles formed in vitro and in vivo may show major differences in the appearance of 
several constituents as compared to saliva, which may prevail in different parts of the 
mouth.!’ Those differences in the salivary composition of pellicle may be responsible for 
the differences in the nature of the developing biofilm. 

Mucins are among the major salivary components of a 2 h in vivo acquired 
pellicle.”35 According to Al-Hashimi and Levine’, the predominant mucins found in the 
acquired pellicle are the high molecular weight submandibular-sublingual mucins (MG1). 
These mucins have higher affinity for HA than do the low molecular weight 
submandibular-sublingual mucins (MG2).!!8 Glycoproteins inhibit the adsorption of MG1 
to HA with no effect on MG2. Cystein-containing salivary phosphoproteins (CCP) also 
inhibit the adsorption of MG2 to HA. These effects may result from competition for the 
same binding sites on the pellicle by proteins that have different affinity to these sites on 
the surface. 

Proline-rich proteins (PRP) are other important salivary constituents found in the 
pellicle proteins.?:!?-!367.86 This family of proteins undergoes conformational changes 
upon their adsorption to surfaces, which affect their biological activity. 

Amylases are a group of enzymes which are present in saliva, and as in the cell free 
form in dental pellicle.” Amylases were found in an in vitro 2 h pellicle’47>*! and also in 
in vivo pellicles.” According to Stiefel!!* amylase is adsorbed to enamel from saliva, but 
its affinity to the surface is low. Interestingly, early work on amylase indicated that 
amylase has enhanced activity on the surface compared with its activity in solution.*? 

Glucosyltransferase (GTF) and fructosyltransferase (FTF) are among the bacteria- 
derived constituents of dental pellicle. GTF are extracellular enzymes expressed by 
several cariogenic bacterial strains of oral bacteria, such as Streptococcus sobrinus, 
Streptococcus mutans serotypes a, b, c, d.2! GTF catalyzes the synthesis of glucan type 
polysaccharides from sucrose substrate by polymerizing the glucosyl moiety of the 
sucrose into glucans. Cell-free GTF is found in saliva collected from human subjects,°”"?8 
in plaque,!”* and in in vitro pellicle originating from human saliva.*!8?:!76 There is 
evidence indicating that cell-free GTF is readily adsorbed to surfaces while still retaining 
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its ability to synthesize glucans.8%97/100.105,106,124.125 Furthermore, due to the immobili- 
zation of GTF on HA surfaces, the enzyme undergoes changes in its kinetic properties 
compared to the enzyme in solution.!°’ A burst effect in GTF activity is recorded on the 
surface, which rapidly levels off, most likely due to the production of polysaccharides 
that act as diffusion barriers. The Km values for the synthesis of glucans from sucrose by 
GTF were lower when the enzyme was adsorbed to a surface compared to solution. !?8 
Changes in activity resulted also in structural different glucans synthesized by GTF on 
surfaces compared to those in solution.’ Susceptibility of GTF to antienzymatic drugs 
also differs on the surface compared to solution. 10123-135 In addition, optimal pH, 
thermostability and of GTF adsorbed onto experimental pellicle differ from the same 
parameters of GTF in solution. ! 

FTF is an extracellular enzyme which synthesizes fructan polymers from sucrose. FTF 
originates from oral bacteria such as Streptococcus salivarius or Actinomyces sp. Cell- 
free FTF can be adsorbed onto the tooth surface from human collected saliva while retain- 
ing its activity.** Collectively, the data regarding GTF and FTF indicate that these enzymes 
on the surface have distinct properties which differ from those in solution. Glucan and 
fructans synthesized by these enzymes play a major role in the pathogenesis of the dental 
plaque. Clearly, the activity of these enzymes on the tooth surface can significantly affect 
the virulence of the dental biofilm. 

Adherence of oral bacteria to acquired pellicle leads to the development of the dental 
plaque biofilm. The mechanisms of bacterial adhesion to the pellicle are complex. Biofilm 
formation starts with random movements of bacteria towards the tooth surface. Once the 
bacteria are within a range of physical interaction with the surface, the adhesion process is 
initiated. Several studies have indicated that hydrophobic interactions appear to play a 
role in the initial adhesion of bacteria to surfaces. Rosenberg et al.8 have shown that most 
microorganisms cultivated from human plaque are hydrophobic. A positive correlation 
was found between the adhesion of S. sanguis to biomaterials and the hydrophobic 
properties of the bacteria.°! Changing the hydrophobicity of the surfaces can also 
influence adhesion of bacteria.’> Hydrophobicity may play a significant role in the 
adherence of bacteria and biofilm formation to surfaces, however, those kinds of 
interactions are prone to environmental changes. 

In addition to the physical attraction forces, the salivary components, expressed on the 
pellicle, are also potential binding sites for the initial bacterial adhesion. These domains 
may serve as specific binding sites for bacteria.’ On the other hand, salivary 
components may aggregate bacteria in saliva,!® thereby reducing their adhesion potential 
to the dental plaque. It is conceivable that bacteria which can interact with salivary 
pellicle in a highly selective fashion are the early colonizer-type bacteria. S. sanguis and 
Actinomyces viscosus were found to adhere more strongly than S. mutans to saliva-coated 
surfaces.'* Further support for the assumption that Actinomyces sp. are predominately 
early colonizers comes from the fact that specific salivary binding sites promote adhesion 
of those bacteria. It has been found A. viscosus can adhere to the acquired pellicle through 
specific constituents of the pellicle. PRP adsorbed onto the surface promotes the adhesion 
several Actinomyces sp. to pellicle.*° This interaction occurs only when salivary PRP is 
adsorbed onto the surface. The cryptitopes, molecular domains which mediate this adhe- 
sion, are exposed only upon PRP adsorption to the surface. This specific adhesion is 
mediated by Type-1 fimbriae on the surface of Actinomyces. Statherin, another salivary 
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constituent of the pellicle, promotes adhesion of A. viscosus to pellicle, although the 
amounts required are higher than that of PRP.*° 

It has been suggested that the adhesion of S. sanguis to pellicle is mediated by a biphasic 
binding process. At first, the initial adhesion is reversible and desorption of the bacteria 
from the surface occurs rapidly. Next, high affinity bonds immobilize the bacteria onto 
the surface. This adhesion involves multiple binding sites on the pellicle, of at least two 
types, with different affinity towards the bacteria,*! which interact with several distinct 
functional adhesion epitopes on the surface of S. sanguis.¥ 

S. sanguis in the biofilm, similar to other oral bacteria, originates from the salivary 
planktonic phase of the mouth. These oral planktonic bacteria are bathed in saliva, thus 
salivary coatings of bacterial surfaces should not be overlooked in the bacteria adhesion 
process. Salivary pre-treatment of S. sanguis cells altered the manner in which these 
bacteria adhered to HA, saliva-coated HA, or bovine serum albumin-coated HA. The 
different adsorption patterns seem to be due to changes of affinity and the maximal 
number of binding sites on the HA beads to the pre-coated bacteria.!!° 

Salivary O&-amylase is one of the most abundant enzymes in human saliva, which is 
found also on tooth surfaces.” Salivary amylases are known to bind specifically to 
several species of oral streptococci resembling S. mitis, S. gordonii and S. salivarius.°** 
Indeed, it was found that œ-amylase promoted the adhesion of S. gordonii to HA.*° 
Incubation of S. gordonii in the presence of starch and maltotriose increased the binding 
ability of this strain to amylase-coated HA; however, the adhesion of S. sanguis to 
amylase-coated HA was not affected by these saccharides. Animals with salivary amylase 
activity were found to have more of the amylase-binding bacteria in their oral cavity than 
did animals which did not exhibit this activity.°+ These results suggest that amylase plays 
a role in the formation of the dental biofilm by serving as a specific binding site for 
bacteria on the pellicle. 

Several other constituents of the saliva have been shown to promote adhesion of oral 
bacteria.5!72 A number of other studies have indicated that mutans streptococci might 
also have affinity to salivary constituents. It was found that S. mutans adhered better to 
pellicles from parotid saliva than from whole saliva, while S. sanguis adhered better to 
whole saliva than parotid saliva pellicles.!® The adhesion of S. mutans to salivary pellicle- 
coated tooth surfaces involves a major cell surface protein termed antigen (Ag) III. The 
high affinity of Ag I/II adhesin for salivary constituents of saliva-coated HA is mediated 
by the N-terminal part of the molecule.4° Two major salivary proteins of apparent relative 
molecular mass of 28,000 and 38,000 respectively, containing high proportions of pro- 
line, glycine, and glutamic acid, and overall compositions similar to basic proline-rich 
salivary proteins, were found to have high affinity to Ag I/II.8” 

Dietary sucrose has been shown to have a profound effect on the colonization of 
bacteria to tooth surfaces. Sucrose-dependent adhesions of oral streptococci facilitate ac- 
cumulation of several serotypes of oral bacteria. This type of adhesion is mediated by the 
synthesis of extracellular glucans by cell-free or cell-associated GTF. Sucrose-dependent 
adhesion of oral streptococci to saliva-coated HA is comparable to those bacteria whose 
other binding mechanisms are impaired!?° which may indicate that this mechanism 
prevails over other types of adhesion mechanisms. 

The observation that sucrose, promotes accumulation and adhesion of S. mutans to 
teeth and to solid surfaces strongly suggests that GTF and glucans are involved in this 
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type of bacterial adhesion.**>° Several studies have emphasized the importance of in situ 
glucan synthesis by cell-free GTF on the adherence of S. mutans to experimental 
pellicle.?!°! These glucans, synthesized on the surface of saliva-coated HA, served as 
binding sites for S. mutans. It was further found that the ,1-6 type glucan is important in 
this type of adhesion process. S. gordonii can also adhere tightly to HA surfaces through 
de novo glucan synthesis by the mutans streptococci glucosyltransferase that are present 
in the experimental salivary pellicles. Conversely, glucans synthesized on salivary 
pellicle can mask binding sites for Actinomyces strains, thereby decreasing the adhesion 
of several strains of Actinomyces to glucan-coated salivary pellicle as compared to 
salivary pellicle.!°° This latter example indicates the functional diversity of glucans in 
controlling dental biofilm formation by either promoting or decreasing specific bacterial 
adhesion to the pellicle. 

The in situ synthesis of glucans by cell-free or cell-bound GTF is one of the pathways 
which has a significant impact on bacterial adhesion to acquired pellicle and dental plaque. 
However, important as it is, sucrose-mediated adhesion is only one of several routes 
enabling bacteria to adhere to the tooth surface. The elimination of sucrose from the diet 
did not diminish the presence of S. mutans from the oral cavity.*°!* The ability of 
S. mutans to persist in the oral cavity in the absence of sucrose argues against the 
obligatory sucrose-dependent adhesion concept and supports the notion that other 
mechanisms may facilitate bacterial adhesion in the oral cavity. 

In addition to the adhesion effect, these polysaccharides synthesized by GTF and FTF 
increase the total mass and volume of the developing biofilm, thus affecting diffusion 
rates across the dental plaque. Clearly, the diffusion of acids, anti-caries agents and 
bacterial metabolites affect the virulence of the biofilm. As expected, and according to 
Fick’s first law, an increase in coating thickness decreases the diffusion coefficient across 
the barrier. For example, the thickness of the biofilm affects the pH gradient across the 
plaque. With thick plaque, a low pH was often not achieved at the inner surface but at 
some intermediate depth.”? Tortuosity of the biofilm is another aspect influencing 
diffusion; increasing the plaque tortuosity reduced the diffusion rate of sucrose across 
dental biofilm. Increasing the concentrations of water-insoluble glucans in the plaque 
effectively reduced the diffusion rate of sucrose.!7° It may be argued that water soluble 
polysaccharides, as dextrans or water soluble fructans, synthesized in the biofilm may 
increase the available channels in the biofilm, thereby facilitating a faster diffusion rate 
across the biofilm. Interactions between the biofilm and the molecules which diffuse, may 
also affect the diffusion rate. NaF, a relatively small molecule, diffused only 38% slower 
in cell-free glucan sediment than in water, suggesting that glucans per se do not form a 
diffusion barrier to NaF. However, it should be noted that the total diffusion time through 
plaque may be increased if the presence of extracellular polysaccharides results in thicker 
layers of plaque. 

The above-mentioned studies indicate that salivary pellicles are selectively formed on 
enamel surfaces, which most likely control and mediate the formation of the biofilm on 
teeth surfaces and consequently affecting the progression of dental caries. 


I. RESTORATIVE AND PROSTHETIC MATERIALS 


Tooth restoration is a widely accepted clinical procedure in restorative and prosthetic 
dentistry. A major surface area of the tooth may be covered with restorative material, 
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while other materials replace the natural crown of the tooth. Today, numerous types of 
restorative materials are being used in the dental office. Among the most popular types 
are the classic amalgam fillings, which are mercury alloys. Cements are another type of 
restorative materials used as a filling material and are employed also to retain restorations 
or appliances in the mouth. A unique type of cements are the glass ionomer cements, 
consisting of alumino silicate glass with a high fluoride content. These unique materials 
are capable of releasing fluoride. Composites are another type of restorative materials, 
consisting of two or more essentially insoluble phases. Porcelain, a mixture of feldspar, 
silica, and kaolin is widely used as an artificial tooth but also can be used as a filling 
restorative materials. 

Biofilms on restorative materials can serve as a reservoir of bacteria in the oral cavity 
by adding to the critical mass of cariogenic bacteria in the mouth. In addition, the 
accumulation of bacteria on filling restorative materials can lead to secondary caries, 
resulting in decay under the restorative material. The breakdown of the marginal areas 
between enamel and restorative material can provide potential pathways for bacterial 
reinfection and reoccurrence of caries. Plaque accumulation should be minimized on 
restorative materials adjacent to the gingival tissues in order to avoid tissue irritations that 
may lead to periodontal diseases. 

Restorative materials, like other surfaces in the oral cavity, are covered with dental 
biofilm consisting mainly of host and bacterial constituents. However, the different 
chemical properties and different topography of the various restorative material surfaces 
may lead to the formation of biofilms that differ from one another in their components 
and properties. 

Amalgam fillings are still the most frequently applied dental materials, although other 
alternatives as composites and cements are currently being used more frequently. In vitro 
assessment of microbial plaque formation on five different types of amalgams has 
demonstrated variations in both the amount and viability of the microbial counts between 
the different amalgam samples.”? Significantly less plaque was accumulated on amalgam 
as compared with on composite cement.”* Differences in plaque composition were also 
found between amalgam and glass ionomer cements, demonstrating a significantly lower 
percentage of viable mutans streptococci counts in samples taken from glass ionomer 
restorations than from amalgam.!!°!!7 Benderli et al.!! have compared plaque formation 
by S. mutans on five types of glass-ionomer cements and two composite materials. After 
five days of incubation, the amount of bacteria on the restorative surfaces was evaluated. 
Differences in sucrose-dependent adhesion patterns were found between the tested 
materials. Differences in plaque accumulation were found within the various types of 
glass ionomer cements. The most amounts of plaque were found on lining cement and 
base cement. Two types of glass ionomer cements and one composite demonstrated 
similar capability of bacterial adsorption. A broader study, using several types of oral 
bacteria, was conducted on various types of restorative materials.” Glass ionomer 
cements were found to reduce sucrose-dependent accumulations of A. viscosus, S. mitis, 
S. mutans, S. sanguis and Lactobacillus casei by over 80% compared to enamel surfaces. 
It seems that the local release of fluoride from the glass ionomer cements affected 
bacterial growth, since elevations in short-term fluoride release levels were positively 
correlated with bacterial growth inhibition. The inhibiting effect was not observed when 
the samples were prewashed before biofilm formation. This points to a burst effect in 
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fluoride release, after which the release is sharply reduced, thereby minimizing the effect 
of fluoride on biofilm formation.” 

Saliva seems to play an important role in bacterial adsorption to restorative surfaces, 
similar to described above for teeth surfaces. A salivary coating of the dental material 
may alter its physical properties, including hydrophobicity, contact angle, wetting values 
and zeta potential. Clearly, this conditioning film on the surface can affect bacterial 
adhesion. Salivary coating reduces the adsorption of oral bacteria onto restorative resin 
composites as compared to uncoated resins.%-?!:!!3 These assays were conducted in the 
absence of sucrose, indicating that hydrophobic and electrostatic interactions between the 
bacteria and the substratum probably played an important role in this type of adhesion. 
A correlation with surface hydrophobicity was found in the adhesion of S. sanguis, while 
adhesion of S. mutans, a less hydrophobic bacteria, was positively correlated to the zeta 
potential.°°! It appears that a salivary coating on restorative materials has a regulatory 
effect on the surface properties. For example, while the contact angles of various 
uncoated restorative materials differ, the contact angle values between these materials 
after salivary coating are similar.®° Shahal et al.!°? have found similar adsorption profiles 
of human saliva on different types of restorative materials, further indicating the regula- 
tory effect of salivary coating. This in vitro result corresponds with the in vivo results of 
Hannig** who showed that pellicle formed on different restorative materials is similar 
with regard to ultrastructural appearance. 

Shahal et al.!°? modified the biofilm model for testing plaque accumulation on 
restorative materials. The biofilm coating of restorative materials in their model included 
human saliva, cell-free FTF, cell-free GTF, and in situ production of polysaccharides by 
these enzymes. Next, S. mutans was adsorbed onto the conditioning film via a sucrose- 
dependent mechanism. Similar protein profiles of the initial layer of adsorbed saliva onto 
the surfaces were found on different types of tested restorative materials. Consequently, 
the sucrose-dependent adsorption profile of S. mutans on these restorative materials was 
also comparable in all tested dental materials. 

The effects of plaque biofilm formation on restorative materials have been studied 
also in vivo. Leonhardt et al.°° conducted a study on human subjects to evaluate quali- 
tative and quantitative differences in bacterial colonization on amalgam surfaces. Two 
pieces of amalgam were placed in the oral cavity for 10 min, 1, 3, 6, 24, and 72 h. Total 
viable bacterial counts increased on all surfaces during the experiment time period. 
Similar colonization patterns of Streptococcus sp., Neisseria sp., Fusobacterium sp., 
Prevotella sp., Hemophilus parainfluenzae, and Actinomyces naeslundii were recorded 
on amalgam surfaces as compared to titanium (Ti) or HA surfaces. It appears, then, that 
Ti surfaces, similar to amalgam and HA surfaces, do not seem to have a marked influ- 
ence on the early bacterial colonization pattern in vivo. Yamamoto et al.!*° have found 
early streptococci colonizers such as S. mitis and S. sanguis on composite resins placed 
in the mouth for 2 h. They did not find S. mutans nor S. salivarius on composite resins 
of human subjects after the short exposure in the oral cavity. In a long-term evaluation, 
lasting for 2 mo, no statistical differences were found in the amount of S. mutans 
accumulation on different types of amalgams.!*! This study is in agreement with 
another study which found that early plaque formation on solid surfaces such as amal- 
gam, composites, glass ionomer cements and enamel is influenced predominantly by 
the oral environment rather than by material-dependent parameters.*© These in vivo 
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findings correlate with aforementioned in vitro studies, and may be ascribed to the 
presence of a primary pellicle layer, which apparently masks surface differences among 
restorative materials, thus supporting the notion of the regulatory effect of salivary coating 
on dental surfaces. 

Levels of mutans streptococci in plaque samples taken from the margins of amalgam 
composite and glass-ionomer restorations were compared in vivo.!!” The percentage of 
mutans streptococci from the total bacterial count in plaque was three times higher on 
composite as compared to amalgam, and ten times higher than on glass-ionomer. This 
study is in agreement with another in vivo study? which showed a marked reduction in 
levels of mutans streptococci near glass ionomer cements. Similar to the in vitro findings, 
these differences may be attributed to the elevated fluoride levels found in plaque 
adjacent to glass ionomer cements, resulting from the release of fluoride from these types 
of dental restorative materials. Different observations were found in a study?” collecting 
plaque from sites adjacent to the glass ionomer cement fillings and from the contralateral 
teeth, after application of a 1.2% fluoride gel. No significant differences in the proportion 
of mutans, streptococci and lactobacilli in plaque from glass ionomer cements and the 
contralateral teeth were found. The assays suggest that the fluoride concentration of plaque 
growing on old glass ionomer fillings is low, resulting in limited effect on the cariogenic 
microflora. In another study, the quantity of S. mutans, total streptococci, and lactobacilli 
on sound enamel surfaces and one-year-old glass ionomer cement and composite resin 
placed subgingivally was compared intra-individually.'?” The number of lactobacilli and 
S. mutans recovered from glass ionomer cement and composite resin surfaces was the 
same as for the enamel surfaces. Fluoride levels in plaque adjacent to glass ionomer 
cement were not high enough to inhibit accumulation of the investigated bacteria, again 
suggesting the short-term effect of the fluoride released from glass ionomer cements. 

Tooth-bleaching is a commonly used procedure in dentistry today. Whitening teeth can 
be performed at the dental office or at home using various methods and active agents. 
Whitening the dentition also exposes the restorative materials to the bleaching agents, 
which in turn can induce surface changes on the exposed restorative surfaces.8485 In a 
recent study, the effect of bleaching agents on bacterial adherence to polished surfaces of 
composite resin restorations was assessed in vitro. A three-day pre-treatment of 
composite resin with a 10% solution of carbamide peroxide and hydrogen peroxide caused 
a significant increase in surface adherence of S. mutans and S. sobrinus. In a follow-up 
study Steinberg et al.'!° examined the effect of in vitro salivary film on the sucrose- 
dependent adherence of oral bacteria to bleached and unbleached restorative composite 
material. Salivary film coating the restorative material surface significantly decreased 
sucrose-dependent adhesion of S. sobrinus and S. mutans to the bleached and unbleached 
surfaces, compared to uncoated specimens. Saliva had a minor effect on adhesion of A. 
viscosus. 

Ceramic and porcelain are other popular restorative materials used in the prosthetic 
dental field. Plaque accumulation on artificial crowns and surfaces adjacent to the 
gingival tissues should be minimized in order to maintain good gingival health. 104130 No 
significant differences were recorded between the plaque-retaining capacities of metal 
ceramic porcelain and Dicor ceramic surfaces after 12 and 24 h. However, there was less 
plaque accumulation on glazed surfaces than on nonglazed surfaces.!? Differences in 
plaque accumulation were found between two types of ceramics. It was found that single- 
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crystal aluminum ceramic retards less plaque than polycrystal aluminum.’° Adamczyk 
et al.! have found differences in plaque accumulation between ceramic crowns and enamel 
surfaces. The study by Hahn et al.“ also substantiated the finding that ceramics accumu- 
late less plaque than tooth enamel, although no significant differences in plaque accumu- 
lation on ceramics compared to amalgam or glass ionomer cements was found. In 
another comparative study, it was shown that cerestore full-ceramic crowns have little 
soft debris retention as compared to ceramometal crowns, natural teeth or cast gold 
restorations or acrylic resin veneer crowns.”? Acrylic resins seem to have a selective 
pattern of saliva adsorption.*° The identification of these molecules on the acquired 
denture pellicle may elucidate the mechanism of the specific fungal cell colonization on 
these type of dental surfaces. 

Surface topography is yet another important factor that can foster the accumulation of 
dental plaque to dental restorative materials.!?!!38 The effect of surface roughness on 
bacterial adherence is complex. It is generally accepted that bacteria accumulate to a 
greater degree on rough abraded surfaces than on a highly polished surface. Yamamoto et 
al.137 found no differences in adhesion of S. oralis to composites of different degrees of 
roughness. In contrast, Yamaguchi et al.!*8 found that S. mutans adhered better to smooth 
surfaces, while Tullberg!?! reported that polishing increased the adhesion capacity of gold 
and polymethyl metacrylate. 

Adhesion of oral bacteria to restorative materials plays an important role in the patho- 
genesis of oral diseases. New restorative materials are currently being introduced to the 
dental market. These innovative materials differ in their chemical composition as well as 
in their surface topography. Restorative materials which can influence biofilm formation 
have a great advantage in maintaining good oral hygiene. 


IV. IMPLANT MATERIALS 


The use of implants in dentistry today is an well-accepted prosthetic technique. The 
implant material is surgically placed in the alveolar bone, after which an artificial tooth is 
affixed on the implant. Titanium (Ti), Ti alloys and Ti based materials are considered to 
be the dental implant materials of choice, due to their highly biocompatible properties.” 
Ti, once exposed to air atmosphere, forms a highly stable oxide surface (TiO). Due to its 
high dielectric constant, Ti oxide undergoes further modifications through the binding of 
various ions, and proteins. !!4!!5 

While considerable information is available regarding oral bacterial adhesion to 
enamel, less is known about the mechanism of biofilm formation on implant materials in 
the oral cavity. Several studies have investigated the presence of bacteria around implants 
in edentulous patients,°?-’°-7! partially edentulous patients,°>*-8° and patients with 
unsuccessful and successful implants. !®71-78-80 Tt was found that the presence of Gram 
positive cocci is significantly greater than other bacteria around implants in edentulous 
mouths. No significant differences could be found between the subgingival flora of teeth 
and Ti implants in a periodontally healthy mouth. However, the occurrence of Actino- 
bacillus actinomicetemcomitans and A. viscosus in the supragingival plaque was higher 
for teeth as compared to the implants. 

Salivary and serum constituents can adsorb onto Ti surfaces. The composition of the 
primary Ti-acquired pellicle plays a pivotal role in determining the type and amount of 
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bacteria that will adsorb onto the surface. This process may later determine the rate of 
success or failure of the implant procedure. 

The primary conditioning film formed on Ti surfaces is mediated by the presence of 
calcium ions. Pretreatment of Ti with calcium increased the amount of salivary proteins 
adsorbed onto Ti, while EDTA solution reversed this process.!°% Salivary proteins adsorb 
onto untreated Ti, thus indicating that pretreatment of Ti with calcium is apparently not a 
prerequisite for protein adsorption and that other forces may facilitate the initial 
adsorption of salivary constituents onto Ti surfaces. It has been suggested that the 
adsorption of human serum albumin to biomedical polymers can be mediated also via 
hydrophobic interactions, ligand-specific and electrostatic interaction.47°° The non- 
specific adhesion of salivary proteins to the surface of Ti is probably secondary to the 
specific calcium-mediated process, since calcium ions are abundant in saliva. 
Monovalent cations such as potassium do not mediate the adsorption of albumin to Ti, but 
the presence of magnesium ions had a similar effect on albumin adhesion as did 
calcium.** Several other studies highlighted the role of calcium on adsorption of 
biomolecules to Ti. Ellingsen** showed that calcium is incorporated into the Ti oxide 
surface and that Ti pre-treated with calcium adsorbs mainly human serum albumin and 
IgG from the serum. Collis and Embery”* demonstrated that connective tissue 
components such as glycosaminoglycan chondroitin-4-sulfate, adsorb to Ti only in the 
presence of calcium. 

One of the major whole saliva protein adsorbed onto in vitro calcium-treated Ti was 
identified as albumin.!°* The mechanism of albumin adsorption to Ti in the presence of 
calcium followed a Langmiur adsorption isotherm.** Upon replotting to a Scatchard plot, 
two peaks were revealed, possibly indicating the presence of dual binding sites of 
albumin to the Ti. Support for this finding is provided from a clinical study which 
analyzed salivary components adsorbed onto Ti after exposure of the abutments to the 
oral environment for a short period of 2 h55 and a prolonged period of 2 to 6 wk.>4 The 
proteins found on the Ti in both studies were mainly serum albumin and alpha-amylase. 

The presence of a primary coat on Ti has a substantial influence on bacterial adhesion 
and biofilm formation. In an in vitro study, Wolinsky et al.!? found that A. viscosus 
adhered to saliva-treated Ti surfaces in lower values compared to saliva-treated enamel. 
Other types of bacteria, such as fresh isolates and reference stains of S. oralis, and S. 
salivarius, were also found to adhere less to saliva-coated Ti as compared to Ti without 
saliva coating.?! 

The mechanism by which salivary or serum film on Ti inhibits bacteria accumulation is 
not fully understood. As mentioned above, salivary albumin seems to be one of the 
proteins found on Ti implants. It is believed that the presence of albumin on dental 
implants determines the ability of bacteria to adhere and accumulate on those hard 
surfaces. Indeed, treatment of various types of biomaterials and dental materials with 
albumin led to the reduced adsorption of bacteria to the respective surface**!!! probably 
by interferes with hydrophobic-type adhesion of bacteria to surfaces. Furthermore, 
albumin may mask binding sites on the pellicle by means of steric hindrance, similar to 
the mechanism of in situ glucans formation on pellicle! thereby reducing bacterial 
adhesion. Albumin in the oral cavity may undergo degradation. Crosslinked albumin 
adsorbed onto Ti was found to be far less susceptible to degradation, while maintaining its 
capacity to inhibit bacterial adhesion and reduce infections around implants.*>- 
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Few clinical studies have been performed to examine biofilm formation on Ti dental 
implants. A short-term study was conducted in vivo to evaluate qualitative and 
quantitative differences in in vivo bacterial colonization on Ti, HA, and amalgam 
surfaces.” Microbiological samples were taken during a three day period. Various 
streptococci species predominated the sample sites, usually constituting over 50% of total 
viable counts. During the study period, no significant differences were found among the 
tested materials regarding colonization of the investigated bacteria. Therefore, it seems 
that Ti, HA, and amalgam surfaces do not have a marked influence on the early 
colonization pattern in vivo. Support for the notion that early plaque formation on Ti is 
similar to that of other hard surfaces as amalgams, casting alloys, ceramics, glass 
cements, composite resins, unfilled resins, and bovine enamel was obtained using 
scanning electron microscopy*® demonstrating no significant changes in the ultra- 
structural appearance of the early plaque formed on these different material surfaces. 
These findings may be ascribed to the presence of the pellicle layer, which apparently masks 
any differences among materials with regard to surface properties and biocompatibility. 

Similar to other materials reviewed in this chapter, the surface topography of Ti 
implants may affect biofilm formation. Testing the adsorption properties of oral bacteria 
to Ti discs with different surface morphology revealed that smooth surfaces promoted 
poor attachment for S. sanguis and A. viscosus. However, Porphyromonas gingivalis 
attached equally well to smooth and grooved Ti surfaces.'*4 Four Ti abutments with 
different degrees of surface roughness were randomly placed in partially edentulous 
patients. Only the two roughest abutments harbored spirochetes after a period of 1 mo. 
After 3 mo, the composition of the subgingival flora showed little variation between the 
different types of abutment. Anaerobic bacterial culturing demonstrated comparable 
amounts of colony-forming units for all abutment types, both supragingivally and 
subgingivally.’? Extending the exposure time to twelve months has not revealed signifi- 
cant differences in the microbiota on the various types of Ti surfaces being tested.!4 The 
above results indicate that a reduction in surface roughness below a threshold of R(a) = 
0.2 had no further effect on the quantitative and qualitative nature of microbiological 
adhesion or colonization, neither supragingivally nor subgingivally. An et al.* have also 
demonstrated that adsorption of S. epidermidis to pure Ti pre-treated with 120-1200 grit 
sandpaper had little effect on adhesion. 


V. CONCLUSION 


Biofilm formation around the various dental related surfaces has a marked effect on 
tooth decay, periodontal diseases, osseointegration and biocompatibility processes. 
Understanding the formation and composition of the various types of biofilms will 
enhance our ability control the progression of the major diseases of the oral cavity. 
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I. INTRODUCTION 


Endoscopic biliary stenting has become an effective treatment for obstructive jaundice 
since its introduction by Soehendra and Reijinders-Fredrix.°° Randomized trials have 
shown it to be the preferred approach for the palliation of malignant biliary obstruction 
when surgical process is not possible.!°7°.6 Stenting provides relief of jaundice with 
low morbidity, and it significantly improves patients’ quality of life.* In benign 
conditions, endoscopic stenting offers effective short term treatment.?47° The major 
limitation to long term biliary stenting is the problem of late stent occlusion.”° Once a 
stent is placed in the bile duct, an encrustation of amorphous material and bacteria starts 
to accumulate on its surfaces.2’ Given sufficient time, the lumen becomes occluded, bile 
flow ceases, and the patient develops symptoms of recurrent biliary obstruction, 
complicated by cholangitis and sepsis. Late clogging is clearly the most important 
complication of long term treatment with stents. Numerous studies of bacterial adhesion 
to bile stents have been conducted to explore mechanisms behind stent clogging since the 
late 1980s, a decade after endoscopic biliary stenting was introduced. In this chapter, 
bacteriology and defense mechanisms in the biliary tract are briefly reviewed and the 
methodology for the study of bacterial adhesion to biliary stents described. 


II. BACTERIOLOGY AND DEFENSE MECHANISMS 
OF THE BILIARY TRACT 


A. Bacteriology of the Biliary Tract 


While bacteria may get access to the biliary tree through the lymphatic route, portal 
vein,! or ascend through the ampulla of Vater, the biliary tract does not harbor 
bacteria. !421-45.60 Under pathophysiological conditions, however, the reported incidence 
of bacteria in bile varies in different reports, ranging from 12—-75%.* It is well recognized 
that bacteria are more commonly found in bile if the patient is jaundiced, particularly if 
the biliary obstruction is due to stones or a benign bile duct stricture.** Bacteria isolated 
from the gallbladder and the common bile duct in those patients with biliary tract diseases 
belong to the intestinal microflora with Escherichia coli, Klebsiella sp. and enterococci as 
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the predominant species.“ Brook® found that a higher rate of anaerobes was present in 
patients with chronic infections as compared to acute infections, independent of presence 
of gallstones or the use of prophylactic antibiotics. 


B. Defense Mechanisms Against Bacterial Infection in the Biliary Tract 


1. Sphincter of Oddi 


The sphincter of Oddi, which separates the uncolonized biliary tract from the colonized 
duodenum, acts as another mechanical barrier against microbial colonization. The 
importance of an intact sphincter of Oddi, preventing duodenal bacteria from invading the 
biliary tract, is supported by clinical observations.*””°77 Experimental studies have shown 
that disruption of the barrier by biliary stenting across the sphincter into the 
duodenum allows bacteria to ascend into the biliary tract,” leading to the formation of 
bacterial biofilm, i.e., a complex association of microorganisms and microbial products 
attaching to the surface, that rapidly develops on these stents and causes occlusion of the 
lumen. 


2. Bile Flow 


Canalicular bile flow results from the active secretion of solute, followed osmotically 
by obligatory water flow. Bile salts, the most abundant organic anions in the bile, are 
considered the major driving force in bile formation named “bile salt-dependent flow” 
(BSDF). A linear correlation has been reported between bile flow and bile salt secretion 
in the liver.°>? Extrapolation of the linear relation between bile flow and bile salt 
secretion defines a component of canalicular flow that theoretically is present if no bile 
salts are secreted. This bile salt-independent flow (BSIF) represents about 50% of total 
canalicular bile flow in humans. An average of 800-1000 mL bile per day in humans 
effectively flushes the bile ducts. The physical movement of bile hinders bacteria from 
colonizing the biliary mucosa. In biliary obstruction, bile flow and bile salt secretion 
decline in parallel,” indicating that a raised biliary pressure suppresses the BSDF. It has 
been shown in patients that bacterial colonization in the biliary tract inhibits the secretion 
of bile acids and bilirubin into bile.>* The decline in bile production due to suppression of 
BSDF and BSIF reduces the clearance effects of bile and hence might predispose to 
biliary infections. 


3. Bile Salts 


Bile salts possess inhibitory effects on the proliferation of enteric microorganisms and 
might thus aid in preventing infections of the biliary tree”? and control the bacterial flora 
of the gastrointestinal tract.?®83 The bacteriostatic activity of bile salts is related to their 
hydrophobicity and detergent properties. Therefore, bile salts with fewer hydroxyl groups 
and only a-hydroxylation are more potent than those molecules with more hydroxyl 
groups and with B-hydroxylation concerning suppression of bacterial growth.’4 


4. Mucus 


The gastrointestinal mucus plays an important role for the exclusion of pathogenic 
microorganisms by forming a barrier against pathogens in the lumen and retaining 
secretory immunoglobulin A (sIgA) within the mucus to permit specific immune 
protection.” The extrahepatic bile duct is lined by a tall columnar mucus-secreting 
epithelium. The physiological role of mucus in the biliary tract is largely unexplored, in 
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contrast to that of the intestine. Bile mucin is known to be involved in the formation of 
cholesterol gallstones,!°*° but its possible antimicrobial activity remains to be investi- 
gated. Mucin might also play an important role in the pathogenesis of brown pigmented 
stones in the biliary tract.’! 


5. Immune Proteins 


Humoral factors associated with host defense, known to be present in bile, include 
complement,>!-®> immunoglobulin, ”!2-16-32 and lysosomal hydrolase.*° A number of acute 
phase reactants have been detected in bile, including o-1-antitrypsin,*° Fn,3349-5485 and 
C-reactive proteins (CRP).*! Among the detected immune proteins in bile, the comple- 
ment system seems more important than others for the local defense mechanisms against 
bacterial infection in the biliary tract.*° 

The complement system is comprised of a series of glycoproteins that circulate in the 
extracellular fluid compartment.*° These molecules interact in a precise sequence of 
reactions leading to the production of biologically active cleavage fragments capable of 
interacting with particles, microorganisms and cells, promoting phagocytosis and direct 
cell damage. Two major pathways of complement activation are recognized. The 
classical pathway (CP) is generally activated by the interaction of antibodies of the 
appropriate class and subclasses with an antigenic surface. In humans, IgG 1, 2, and 3 and 
IgM are known to be capable of activating the CP. The second major pathway of comple- 
ment activation has been termed the alternative pathway (AP). The activation of AP is 
initiated by binding of C3 or C3b to a surface. 


I. METHODS FOR STUDY OF BACTERIAL ADHESION 
TO BILIARY STENTS 


A. Labeling Bacteria with Tritium(?H) 


This method was based on the principle that when bacteria divide, a thymidine 
molecule bearing a tritium atom in the source (broth) is incorporated into DNA in the 
cells. The cells therefore carry B-emission that can be detected in a liquid scintillation 
counter in the presence of scintillation cocktail. From the counts of total incorporated 
isotope and the number of bacterial cells, one can easily calculate the ratio of bacterial 
cells to disintegration per minute (dpm) and the number of adherent bacterial cells (see 
later in this section). 

Bacterial cells are grown in Mueller-Hinton broth®®-®* or colonization factor antigen 
broth’788.90.9? overnight. The overnight culture is inoculated to fresh broth such that the 
fresh culture contains 1/10 volume of [methyl-*H]-thymidine (Pharmacia Biotech) and the 
overnight culture is diluted 1:50. Cell growth is continued at 37°C for 3-5 h with agitation. 
The cells are harvested by centrifugation at 3000 g for 10 min, washed twice and resus- 
pended in 3 mL PBS (phosphate-buffered saline, pH 7.2)/mL culture. The bacterial cells in 
0.1 mL suspension are counted by serial 10-fold dilution and plating, then total disintegra- 
tions per minute of 0.1 mL suspension are counted. Check cfu (colony forming units) from 
the plating, calculate cfu in 0.1 mL and the ratio of cfu to dpm (cfu/dpm). 


B. Scanning Electron Microscopy (SEM) 


SEM has been widely used in the study of bacterial adhesion to biliary stents 
(Fig. 1).!937-8:74,78.89 One of the advantages of SEM is that it offers direct, visual evidence 
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Figure 1. SEM micrograph showing biliary sludge and cocci on the surface of an implant 
that had been kept in situ in the rat biliary tract for 8 wk. Reproduced with permission 
from ref.°° 


of bacterial adhesion. Typical SEM specimen preparation involves sample fixation, 
treatment with osmium tetroxide and dehydration.’**? The following procedure was used 
in our studies.*? 

Tissue samples and implants were fixed in Millonig’s phosphate buffer (MPB, pH 7.2) 
containing 2.5% glutaraldehyde (GTA) at 4°C for 12 h. The specimens were extensively 
rinsed in MPB and postfixed in 2% osmium tetroxide in MPB for 2 h. They were then 
treated with a thiocarbohydrazide and osmium tetroxide series to make them conductive, 
followed by dehydration through ethanol and Freon 113 series. The specimens were 
critical-point dried, mounted on stubs, coated in a Polaron E5400 high resolution sputter- 
coating apparatus, and examined in a JEOL JSM T-330 scanning electron microscope 
(Tokyo, Japan) at an accelerated voltage of 15 kV. 


C. Protein Labeling 


A modification of Markwell’s*? method has been used for iodination of proteins. 
Materials and facilities required include Na!*°I (from Amersham Pharmacia Biotech, spe- 
cific activity 640 MBq or 17.3 mCi !**I/mg), lodobeads® or N-chlorobenzenesulfonamide 
(sodium salt)-derived uniform non-porous polystyrene beads (reducer; Pierce Chemicals, 
Rockford, IL USA), a gamma counter and desalting column (Sephadex G25; Pharmacia 
Biotech). In addition, working in a ventilation hood with a shield is strongly 
recommended. Follow the regulations for radioactive material handling. Carefully clean 
the area where you have been working. Deliver the radioactive waste to the designated 
location. 

Up to 50 ug protein can be iodinated per labeling using this method. Two microliters 
(uL) of Na!**I is pre-incubated with one Iodobead in 180 uL PBS for 5 min. Twenty to 25 
ug protein in a volume of 18 uL are added to the mixture and the incubation continued for 
another 15-20 min. 300 uL PBS is added to the tube and the mixture loaded to the 
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desalting column pre-equilibrated with 1% bovine serum albumin (BSA). The column is 
washed with PBS and fractions of 0.5 mL are collected. The radioactivity of each fraction 
is measured. Fractions with highest readings (normally fractions 6-8) are pooled. 
Unbound isotope should retain in the column. The total radioactivity and specific radio- 
activity of labeled protein is measured. The specific radioactivity of the labeled proteins 
should be 1,000,000—1,500,000 cpm/ug labeled protein solution. 

If the concentration of protein to be labeled is too low, incubate 2 uL Na! I with 198 uL 
protein solution for 20 min to have maximal amount of protein labeled. Add 300 uL PBS 
to the tube before loading to column as described above. 


D. Detection of Adsorbed Bile Proteins on Biliary Stents 


It has been demonstrated that when a device (recognized as a foreign body by the 
host) is implanted or inserted, host-derived proteins, such as Fn, Fg and immunoglo- 
bulins adsorb onto the surfaces of the foreign body and that the adsorbed proteins can 
be used by microorganisms as adhesion mediators.*!-8? The situation in the biliary 
tract may be different, as bile salts are thought to be detergents that can “wash” away 
the adsorbed proteins. However, in a series of studies, we have found that Fn, Vn, and 
immunoglobulins could adsorb onto the materials placed in the biliary tract and that 
Fn was found to enhance bacterial adhesion.® In an independent immunohistochemi- 
cal study with clogged stents removed from patients, Chan and colleagues found 
that immunoglobulins were involved in the process of stent blockage.!? If, like in 
other sites, protein adsorption in biliary stenting is the initial event to occur before 
bacteria attach to the surface, it is maybe the time to reconsider the strategy in 
choosing materials for stent manufacturing and design in order to minimize protein 
adsorption. 

Biliary stents, removed from patients with malignant obstructive jaundice, from 
animals, or removed from in vitro perfusion with bile, were washed in PBS (pH 7.2), cut 
into 1 cm long pieces and probed with antibodies against human Fn, Vn, Fg, or albumin 
diluted 1:100 in 1% BSA(bovine serum albumin)-PBS. The stent pieces are incubated 
with !?°I-labeled secondary antibodies diluted 1:100 in 1%BSA-PBS at 20°C for 120 min. 
The pieces were washed three times between incubations with antibodies. The pieces 
were then transferred to polystyrene tubes, the radioactivity read in a gamma counter and 
the amount of adsorbed proteins given as radioactivity of bound secondary antibodies 
(cpm/cm?). 


E. SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and Western Blot 


SDS-PAGE is a useful technique in the biliary stent-related studies, particularly when 
there is a need to elucidate the pattern of possibly adsorbed bile proteins.?”8°°° Western 
blot may also be used when necessary. 

To prepare samples for SDS-PAGE, we rinsed biliary stents removed from patients, 
animal models, in vitro flow models, and rinsed adsorbed materials off the inner surface 
were eluted with 1 M lithium chloride at 20°C for 60 min. The eluate was then dialyzed 
against PBS at 4°C overnight and concentrated with PEG 20 M to a volume around 1 mL. 

SDS-PAGE is run using a Bio-Rad mini Protean cell (Bio-Rad Laboratories, Rich- 
mond, CA, USA) using discontinuous buffer system according to Laemmli.*> Separated 
proteins on the gels may be visualized by staining with 0.1% Coomassie brilliant blue in 
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Figure 2. Adhesion of bacterial cells onto the surfaces of various stents by three E. coli 
strains after perfusion of these materials with bile. Solid bars indicate that the material had 
been perfused with bile whereas open bars indicate perfusion with PBS. (A) E. coli NG7C; 
(B) E. coli 123 and (C) E. coli 4236. Reproduced with permission.®? 


40% methanol/10% acetic acid for 30 min and destaining in a solution containing 40% 
methanol and 10% acetic acid. 

For Western blot, the separated proteins were electrically transferred to a nitrocellulose 
membrane (NC, pore size 0.45 um, Schleicher & Schuell GmbH, Dassel, Germany) using 
a semi-dry electroblotter at a constant current of 190 mA for 90 min. The membrane was 
quenched with 1% BSA in 0.05 M Tris-HCl buffered saline (TBS, pH 10.3), incubated 
with rabbit antibodies against human Fn, Vn, Fg, or albumin and, after washing three 
times, incubated with peroxidase-conjugated swine anti-rabbit immunoglobulin. The 
reaction was developed in the dark in a mixture of 20 mg 3-amino-9-ethyl carbazole, 
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Figure 3. Correlation between the amount of adsorbed fibronectin and the number of adher- 
ent bacterial cells. Reproduced with permission.®? 


dissolved in 2.5 mL acetone, 50 mL acetate buffer (pH 5.0) and 25 mL 30% hydrogen 
peroxide. 

Alternatively, if the membrane is incubated with secondary antibodies labeled with 
125], after the membrane is washed and dried, the membrane can be placed into an X-ray 
cassette and an X-ray film exposed against the membrane. This technique is called auto- 
radiography. 

There is another technique available to develop the reaction, called ECL (enhanced 
chemiluminescence) system, developed by Amersham (now known as Amersham 
Pharmacia Biotech). ECL Western blotting system uses horseradish peroxidase 
conjugated anti-mouse and anti-rabbit antibodies for luminol-based detection for Western 
blots. Blots probed with mouse or rabbit primary antibodies are incubated with HRP- 
conjugated secondary antibodies. Addition of ECL detection reagents results in a chemi- 
luminescent signal that can be captured on the film. 

This system provides a rapid, sensitive, non-isotopic and quantifiable method for 
detection of protein immobilized on membranes. As in autoradiography, an X-ray 
cassette and autoradiography films are required. In addition, a dark room (or a film safe 
room) is required to install the film and the membrane in the cassette. 


F. Detection of Bacterial Adhesion to Bile Stent in Stationary Phase®”*8” 


Biliary stents, clean or removed from the perfusion model or from patients, can be cut 
to size, split open, and incubated in test tubes with radiolabeled bacterial cells at 37°C for 
60 min. The materials are washed three times and transferred to a scintillation vial 
containing 2.5 mL scintillation cocktail and the radioactivity of each piece of material is 
counted in a scintillation counter (Beckman LS 1800). The number of bacterial cells or 
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cfu can be calculated by multiplying dpm read by cfu/dpm after subtracting background 
reading, i.e. 


N = (R-bkg)xk (1) 


In Eq. (1), N represents the number of adherent bacterial cells (cfu), R represents the 
radioactivity counted from the individual sample (dpm), bkg represents background read- 
ing, k represents the ratio of cfu/cpm (or cfu/dpm), calculated from cfu and radioactivity 
per 100 uL bacterial cell suspension of each individual strain. Figure 2 shows detectable 
bacterial adhesion to biliary stent materials which were pre-perfused with bile while 
Figure 3 shows the correlation of adhered bacterial cells with adsorbed bile protein. 


G. Flow Models 


1. Flow Cell 86 88 


This system consists of a glass tube, a reservoir, a peristaltic pump and silicone tubing 
which connects the glass tube and the reservoir to form a close circulation system. 
Material to be tested was placed in the glass tube with support of a steel wire such that the 
material will be kept in the center of fluid flow in the glass tube. Biliary stents were 
placed in the flow cell, bile with 0.05% sodium azide or PBS was placed in the reservoir 
which was placed in 37°C water bath, and the pump was run at a speed of 0.5 mL/min for 
24 h. The biliary drains were removed from the flow cell and subject to detection of 
adsorbed biliary proteins or to perfusion with bacterial suspension. 

After pre-perfusion with bile or PBS, *H-labeled bacteria at a density of 1x106 cfu/mL 
in BSA-PBS were added into the circulation. The experiment continued to run for an 
additional 120 min at a flow rate of 0.5 mL/min. The materials were then removed, cut and 
rinsed with PBS and their radioactivity counted in a Beckman LS scintillation counter. 
Number of adherent bacteria was calculated using Eq. (1) described in section F. 


2. Use of Whole Catheter 


This method was developed by Ladd** and is widely used for studying bacterial 
adhesion to stents.!*° In this model the entire stent or catheter is connected to a closed 
system which is run by a peristaltic pump at a flow rate of 0.5 mL/min. The stent or 
catheter can be removed, rinsed, cut into pieces and analyzed. 


3. Modified Robbins Device 


The modified Robbins device (MRD) is an acrylic sampling device, 42 cm long with a 
2x10 mm chamber.*” It has 25 evenly spaced sampling ports and is designed in such a 
way that the sampling surfaces lie flush with the inner surface of the flow chamber. It 
allows the study of various materials one time, or the study of one kind of material for 
various periods of time. Segments of plastic biliary stents can be attached to rubber discs 
using fishing line and mounted individually onto the sampling ports. Individual samples 
can be removed at various times without disturbing other samples or the system. 


4. Tsang Perfusion Model of Stent Occlusion with Porcine Bile 


Tsang et al. recently developed an in vitro model for studying stent occlusion with 
porcine bile.’® The experiment was run for 8 wk and bile in the reservoir was replaced 
with fresh bile every 7 d. Bile samples were taken at the beginning and end of the week to 
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Table 1. Changes in Plasma Bilirubin, Liver Functions, 
and Body Weight During the Study 


Before operation Day 5 Day 12 
Bilirubin (mmol/L) 2.14+0.23 63.394+13.13** 2.66+0.49 
Aspartate aminotransferase (mkat/L) 1.61+0.18 3.82+0.42** 1.58+0.25 
Alanine aminotransferase (mkat/L) 1.07+0.06 1.80+0.17** 0.99+0.08 
Alkaline phosphatase (mkat/L) 10.05+0.46 12.27+0.93** 10.05+40.94 
Body weight (g 34244 32544 352+6* 


* = p<0.05 and ** = p<0.01 compared with values obtained before operation. Reproduced with 
permission from ref.°” 


monitor the concentrations of total calcium, cholesterol, bile salts, phospholipids, total 
bilirubin and pH. The bacteria concentration was maintained at a consistent level by 
changing the bile weekly and inoculating with fresh bacteria. 


H. Animal Models for the Study of Bacterial Adhesion to Biliary Stents 


Animals, including the cat,*4+7475 the pig,” the dog,° and the rat®?°!°? have been used 
for the biliary related-studies. Because of anatomic similarities to the biliary tract in 
humans, large animals have an advantage in the terms of placing a stent into to the 
common bile duct of the animal. The main problems with large animals include the 
availability of an experienced veterinarian, the availability of facilities and personnel for 
animal care, and cost. It is clear that using “small animals” will be an option in these 
circumstances. It is not possible to insert a full size or even a segment of a stent into the 
biliary tract of a small animal in the normal situation, but pieces of stent material (for 
example, a piece with a square of 0.5 cm?) can be inserted into the biliary tract in small 
animals after an appropriate manipulation is made to the biliary tract. Whether you choose 
to use large or small animals, you will have to apply for animal work permission from 
your institution’s animal ethics committee. 


1. Feline Model 


In this model adult cats were used. The common bile duct strictures were first created 
surgically, then the animals were stented with 5 French gauge polyethylene tube. The 
stents were placed with distal ends open to the duodenum.447475 


2. Porcine Model 


This model was used to evaluate the histological response to placement and technical 
aspects of self-expanding spiral nitinol stents.” 


3. Canine Model 


This model was initially used for evaluation of a second generation of tantalum biliary 
stent, but can certainly be applied to the study of bacterial adhesion to biliary stents.? The 
animals were anesthetized with intravenous thiopental, intubated, and maintained with 2- 
2.5% halothane delivered in 100% O, during surgical procedure. While the expandable 
metallic stents were placed to the mid-common bile duct through the cystic duct, a similar 
procedure may be applied to the insertion of plastic stents. 
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Figure 4. (A) A minioccluder consisting of tubing, balloon and two sleeves. (B) A 


minioccluder with the balloon inflated. Reproduced with permission.” 


4. Rat Model 


Yu et al.” developed a novel animal model in the small animal for the study of bacterial 
adhesion to biliary stents. In this model, using a special device called a minioccluder, the 
bile flow was first obstructed and the common bile duct dilated. When the minioccluder 
was removed on day 5, the common bile duct remained dilated, and patency of bile flow 
was restored. The model offers the possibility of implanting biliary stent pieces into the 
common bile duct without interfering with the bile flow. The device consists of a 
miniballoon (2 mm in diameter), a silicone tube connected with the balloon and two leaves 
around the balloon (Fig. 4). The animals were anesthetized with light ether, the 
minioccluder was placed around the common bile duct and the balloon was inflated with 
saline (about 0.5 mL). A pressure against the common bile duct formed and the common 
duct was dilated. The minioccluder was removed 5 d after the initial surgery and the 
common bile duct remains dilated and patent as evidenced from the cholangiogram (Fig. 4) 
and liver function tests (Table 1). 


5. Working with the Rat Model 8-9? 
A. SAMPLING AND TREATMENT OF SAMPLES 


Samples were taken under aseptic conditions under during light ether anesthesia. Blood 
samples were obtained from the femoral vein by puncture and bile samples were obtained 
by puncture of the common bile duct. For assaying opsonic activity, blood samples were 
allowed to clot at 37°C for 60 min and sera were separated. Heparinized plasma was used 
for the measurements of liver function tests and plasma bilirubin concentrations. Serum, 
plasma and bile samples should be kept at —70°C until analyzed. 


B. STANDARD LIVER FUNCTION TESTS AND PLASMA BILIRUBIN CONCENTRATION 


Aspartate aminotransferase, alanine aminotransferase and alkaline phosphatase 
activities, as well as plasma bilirubin concentration were measured according to the 
recommendations of the Committee on Enzymes of the Scandinavian Society for Clinical 
Chemistry and Clinical Physiology.*® 
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Figure 5. Cholangiograms of rat with minioccluder. (A) Cholangiogram after the 
minioccluder was inflated, showing complete obstruction of the common duct. a = common 
bile duct, b = metal frame of the mini-occluder. (B) Cholangiogram on day 12 (the seventh 
day after deflation of the mini-occluder), showing that the part of the common duct proximal 
to the minioccluder was dilated, and the distal part, including the part surrounded by the 
minioccluder, remained normal in diameter and patent. a= dilated part of the common duct, 
b = the distal part of common duct, c = metal frame of the mini-occluder, and d = duo- 


denum. Reproduced with permission.” 


C. CHOLANGIOGRAPHY 


Under light ether anesthesia, cholangiography was made using contrast medium 
(Fig. 5). 


D. SURGERY 


Implantation of drain pieces was performed under aseptic conditions. Under ether 
anesthesia, following a 3-3.5 cm incision and gentle access to the common bile duct, 
choledochotomy with a 0.4 cm incision was made. A piece was implanted into the 
common bile duct and the incision in the bile duct was closed with 7-0 synthetic 
polyglactin sutures under a microscope. The implanted pieces were kept in situ for one to 
fourteen weeks until removed. The abdominal cavity was closed by continuous suture 
with 3-0 silk. Animals with implants in the biliary tract were anaesthetized and underwent 
exsanguination prior to removal of the implant. 


E. BACTERIAL CHALLENGE 


An E. coli strain (021:H25) isolated from the bile of a patient with cholangitis was 
used to challenge the animals in each group from one to four weeks after drain piece 
implantation in the biliary tract. Cells from overnight cultures in CFA broth at 37°C with 
agitation were washed in phosphate-buffered saline (PBS; pH 7.2) and suspended in 
sterile 0.9% NaCl. One hundred mL of an appropriate dilution was injected into the 
common bile duct. The number of viable bacteria injected was checked by plating 100 uL 
of a 10° dilution of the washed overnight culture containing 2-3x10* cfu/mL. Bile from 
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each animal was obtained by aspiration from the common bile duct after inoculation and 
serial dilutions were plated out on blood agar at 37°C, which allowed the quantitative 
determination of cfu/100 uL bile from each animal. The bile was defined as infected when 
twice the number of initially inoculated cfu was cultured. Spontaneous bacteriobilia was 
determined by culturing undiluted bile sampled before inoculation. Animals with 
spontaneous bacteriobilia were excluded from the study. 


F. PREPARATION OF LEUKOCYTES 


Polymorphonuclear leukocytes (PMNLs) were obtained from the peritoneal exudate of 
rats receiving an intra-peritoneal injection of 10 mL 12% (wt/vol) sterile sodium caseinate 
in 0.9% NaCl according to Stossel et al.’” The animals were sacrificed by exsanguination 
sixteen hours after the injection, after which laparotomy was made. PMNLs were 
harvested by abdominal lavage, filtered into ice-cold siliconized glass tubes through eight 
layers of gauze and washed twice in cold PBS by centrifugation at 250x g for 10 min and 
suspended in 4 mL of HBSS. The total yield of PMNLs harvested by this technique varied 
between 5x10° and 10’ cells per rat. Cell viability was 90-95%, as revealed by exclusion 
of 0.1% Trypan blue. 


G. BACTERIOLOGICAL STUDY 


Implants as well as specimens taken from the liver and biliary tract mucosa were 
immersed in 2 mL TSB and vortexed for 30 s. One hundred uL of the suspension and 
20 uL of bile were inoculated on blood agar and MacConkey agar and both cultured under 
aerobic conditions at 37°C. One blood agar plate from each sample was incubated 
anaerobically at 37°C for up to 4 d before regarded as negative. Identification was done 
using standard technique.* 


H. Assays OF Opsonic ACTIVITY 


Washed bacterial cells from an overnight culture of the E. coli strain O21:H25 were 
suspended in 0.9% NaCl at a concentration of 3.5-4x10° cfu/mL and the phagocytic 
bactericidal assay described by Lew et al. +! was used to evaluate opsonic activity of bile 
and sera. Rat PMNLs, bacteria, and the opsonic sources were mixed in PBS in siliconized 
glass tubes at a final volume of 1 mL. Each mL of the incubation mixture contained 4x105 
PMNLs, 3.5—4x104 cfu of E. coli, and 0.5 mL of a serially diluted opsonic source (bile or 
sera). The mixtures were incubated at 37°C in a shaking water bath for 30 min. Samples 
were taken at zero time and 30 min after incubation. Serial dilutions were made and 
incubated on blood agar containing 5% horse erythrocytes at 37°C for 48 h. The 
reciprocal value of the dilution of bile or sera that resulted in 50% killing of E. coli was 
defined as the opsonic titer. Controls included: 1) heat-inactivated (at 56°C for 30 min) 
pooled rat bile or sera with PMNLs; 2) pooled rat bile or sera without PMNLs; and 3) 
PMNLs without bile or sera. 


IV. CURRENT STRATEGIES FOR PREVENTING STENT OCCLUSION 


A. Stent Diameter 

A larger stent does not prevent bacterial adhesion or biofilm growth but does provide 
more room for sludge to accumulate before the lumen becomes occluded. Previous 
studies have demonstrated a clear advantage for stents of 10 French gauge over stents of 
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8 French gauge. Siegel and coworkers reported a significantly longer patency with 12 
French stents when compared with their experience using 10 French stents,°? but other 
studies have not been able to confirm this.?*7! Regardless of whether further increases in 
stent diameter improve patency, plastic stents larger than 12 French gauge cannot be 
placed by conventional methods because of the restricted diameter of the instrument 
channel of the duodenoscopes. 


B. Metal Stents 


The expandable metal stents offer significantly longer patency than conventional 
plastic stents.!!-!> Because a metal stent expands after deployment it attains a much larger 
final diameter, thus minimizing the risk of occlusion due to sludge accumulation. The 
mesh-like design provides much less surface for bacteria to adhere. Unfortunately, tumor 
ingrowth between the interstices of the mesh is a frequent occurrence that limits the 
advantage of these stents. Another potential problem with expandable stents is their 
permanence. Even in benign disease, the wire mesh has been shown to penetrate into the 
submucosa of the bile duct. Subsequent mucosal hyperplasia and tissue ingrowth may 
eventually compromise the stent lumen.*° Once deployed, a metal stent is essentially 
irretrievable by endoscopic means, and when the stent becomes embedded in the 
submucosa, it is difficult to remove even surgically.” 


C. Antibiotics 


As the underlying cause of sludge deposition, the biofilm bacteria are obvious targets 
for interrupting the clogging process. However, inhibition of bacterial growth on foreign 
bodies is not an easy task. The glycocalyx matrix of biofilm presents a physical barrier to 
antibiotic penetration, thereby protecting the enclosed bacteria. Once established within a 
biofilm, bacteria can withstand antibiotic concentrations 100-fold greater than those 
tolerated by free-floating bacteria.” 

Long term administration of prophylactic antibiotic is one potential approach to 
prevent bacterial growth. In theory, free-floating bacteria are more vulnerable to killing 
before they attach to a foreign body and develop into a sessile colony with protective 
biofilm. In vitro studies suggest that the administration of low dose antibiotics can retard 
bacterial adhesion and growth on stents.!744 In a recent in vitro study by Tsang and 
coworkers, continuous use of ampicillin-sulbactam was proven to prevent biofilm 
formation over 8 wk.”8 However, the benefit of antibiotic treatment has been more difficult 
to demonstrate in clinical trials. 


D. Surface Coating or Impregnation 


In a study comparing cefoxicin-coated biliary stents with conventional ones, Browne 
and colleagues found that antibiotic-coating did not prolong stent patency.’ In a recent in 
vitro study, Rees and colleagues found an antimicrobial benzalkonium chloride (BZC) 
impregnated polymer to significantly reduce bacterial adhesion.» In a series of studies, 
we tested the effects of phosphatidylcholine (PC) and phosphatidylinositol (PI) on 
bacterial adhesion in vitro. The study consisted of two parts. The first part tested the 
effects in vitro. The PC- and PI-coated pieces were incubated with radiolabeled bacterial 
cells. In the second part the coated pieces were implanted into the common bile duct in 
our rat model for 1 and 2 wk, after which the materials were removed and 
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incubated with radiolabeled bacterial cells. While preventive effects of phospholipids- 
coating on bacterial adhesion were noticed in both parts of the study, the effects decreased 
with time after the material implantation.*’ Silver coating of plastic stents has been tested 
and suggested as an alternative to traditional antibiotics because emergence of bacterial 
resistance to silver has not been observed,** but the effects in animals or humans have yet 
to be tested. 


E. Stent Design 


Various stent plastics have been investigated for their physicochemical properties. It is 
a common belief that smoother stent surfaces should be associated with a lower incidence 
of blockage.>” It was demonstrated that biliary sludge on the surface was dependent on the 
material properties, i.e., the smoother the surface, the lesser amount of sludge was found.!8 
McAllister and coworkers*® reported that, when perfused with infected bile in an in vitro 
model, a polymer with ultrasmooth surface was almost free from bacterial cells on the 
surface, whereas a surface with defects bound a much greater number of bacterial cells. In 
another study, it was shown that hydrophilic polymer-coated polyurethane dramatically 
reduced bacterial adhesion in vitro, as the coating hydrophilic polymer provided an 
extremely smooth surface.7? 

It has been noticed that side holes may enhance the process of deposition of biliary 
sludge onto the inner surface, leading to occlusion of the stent lumen. The side holes were 
initially designed to facilitate biliary drainage, both in the hypothetical situation where 
the end orifice abuts against the ductal wall and when the terminal holes are occluded by 
cellular debris, blood clots or mucus plugs. Unfortunately, they were virtually found to 
accelerate the process of drain occlusion, as biliary sludge accumulated much more on the 
inner surface of stents with side holes than on those without side holes.'*!® It was 
presumed that side holes of stents generate surface irregularity, creating an ideal site for 
bacterial attachment.!®:* Furthermore, the side holes create a turbulent flow, which in 
turn increases the resistance of adherent microorganisms to bile flow.!*:!8 To overcome 
the problem, a newly designed stent without side holes has been introduced and a 
nonrandomized comparison with pigtail stents has suggested that patency is prolonged.°! 
A randomized trial comparison of this new design with straight stents was underway.*? 


V. CONCLUDING REMARKS 


Up to date, there is no optimal stent available. The field of biliary stent-related 
research, and especially the study of bacterial adhesion to biliary stents, is still under 
development. The above-described methods provide a powerful set of techniques 
necessary for these studies. 
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Studying Bacterial Adhesion 
to Hydrogel Contact Lenses 


Manal M. Gabriel and Donald G. Ahearn 
Biology Department, Georgia State University, Atlanta, GA, USA 


I. INTRODUCTION 


More than 25 million individuals in the United States wear hydrogel lenses for 
therapeutic or cosmetic purposes and hydrogel coated urinary catheters and stents are 
used daily in hospitals. The initial adherence (or adhesion) of microorganisms to these 
hydrogels during insertion or the rate of microbial attachment in vivo may significantly 
affect the overall incidence or time of onset of infections. Microorganisms typically 
adhere poorly to hydrogels as compared with hydrophobic polymers. Hydrogels are three 
dimensional matrices that adsorb and entrap water. Typically, the higher the water content 
the lower the initial adherence of microorganisms, but certain polymers are exceptions. 

Contact lenses are chemical gels, i.e., crosslinked water-insoluble polymers of various 
compositions. The Food and Drug Administration has categorized hydrogel lenses into 
four major groups on the basis of ionic charge and water content (Table 1). Typically 
hydrogel lenses are homopolymers and copolymers of methylmethacrylate (MMA) and 
crosslinked homopolymers and copolymers of hydroxyethylmethacrylate (HEMA). The 
most common functional groups in the back bone chain for the polymers are hydroxyl 
(-OH), carboxylic (-COOH), esteric (-COOCHS), and etheric (-COCH3) groups. Hydroxyl 
or polar groups are important to the hydrogel because they provide the hydrophilicity 
required for the increased water swelling activity.”° The type of polymer and the 
organization of ionic groups at the hydrogel surface interacts with water content and 
affects the deposition of proteins, lipids, and microorganisms on the surface.!° For 
example, the group IV material (ionic, high water content) attracts protein because of the 
negative charge that methacrylic acid gives to the material. This favors the deposition of 
positively charged biomolecules like lysozyme, which in turn could influence the 
adherence of the microorganisms to the lens. 

The hydrogel lenses with nonionic polymer (groups I and particularly II) deposit more 
lipid than hydrogel lenses with ionic radicals (groups II and IV). Jones et al.° indicated 
that high lipid accumulation is associated with group II lenses because of their N-vinyl 
pyrrolidone (NVP) content. They demonstrated that a group II lens made of polyvinyl 
alcohol under identical conditions showed less deposition than a NVP based polymer. 
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Miller and Ahearn® described a strain of Pseudomonas aeruginosa that demonstrated 
differential degrees of primary adherence to hard and soft hydrogel lenses. A primary 
characteristic of this strain of P. aeruginosa was its ability to form a rapid and firm bond 
on hydrogels. P. aeruginosa is the most important pathogen involved in contact lens 
associated keratitis. P. aeruginosa is ubiquitous in the environment and proliferates readily 
in aqueous systems, including distilled water, inhalation aerosols, irrigating solutions, 
eye cosmetics and various contact lens solutions. P. aeruginosa produces a glycocalyx 
(extracellular polysaccharide slime) and adhesins that are associated with adhesion, and 
survival on hydrogel lenses. 

Our laboratory has evaluated this strain further for its differential adherence to 
hydrogel lenses, intraocular lenses, and urinary catheters with and without 
lubricious coatings.*+> 


Il. MATERIALS AND SURFACE SELECTIONS 


A. Organisms and Culture Conditions 


Pseudomonas aeruginosa GSU # 3 was selected after screening numerous strains for 
their differential adherence to hydrogels.® Stock cultures are stored under lyophilization. 
Working cultures are maintained on Tryptic Soy agar slants (BBL Microbiology Systems, 
Cockeysville, MD), transferred every 2 mo, and stored at 4°C. All isolates, initially and 
when taken from lyophylized stock, are characterized by their Gram stain reaction and by 
biochemical reactions on the API 20E system (Analytab Products, Plainview, NY). 


B. Preparation of Hydrogel Lenses 


Sterile, hydrogel contact lenses were obtained from commercially available sources. 
Different types of lenses are shown in Table 1. All lenses were supplied hydrated in 
buffered saline solutions. All lenses were removed from their original containers and 
rinsed three times in sterile saline (100 mL each rinse), and placed in new vials with 3 mL 
of sterile saline. Lenses may be initially packaged in buffered borate solutions 
(sometimes with traces of surfactants) that are antimicrobial. Such solutions may 
interfere with the primary adherence assay. If lenses are received in a dry state, the lenses 
need to be hydrated in sterile saline for 4 to 6 h prior to testing. 


C. Materials 


- Tryptic Soy Broth (TSB) (Difco, Franklin Lakes, NJ) 

- Tryptic Soy Agar (TSA) 

- Minimal Broth (Difco) (1.0 g p-glucose, 7.0 g K,HPOg, 2.0 g KH,POq, 0.5 g sodium 
citrate, 1.0 g (NH4)2 SO4, and 0.1 g MgSO, in 1 L distilled water). 

- Dissolve by stirring all ingredients except MgSO, and glucose in 1 L of deionized 
water (base solution). Prepare separate solutions of 1% (w/v) MgSO, and 10 % (w/v) 
glucose in deionized water (supplement stock solutions). Sterilize by autoclaving for 15 
min at 121°C/15 psi. Cool the base solution and supplement stock solutions to room 
temperature. Aseptically transfer 10 mL of each supplement solution per liter of base 
solution and mix thoroughly. All solutions must be stored under refrigeration. 

- Sterile PBS (composition in grams/liter: 8.0 NaCl, 0.2 KCI, and 1.44 Na,HPO,) 

- L-[3,4,5-H] leucine (1-3 wCi/mL; NEN Research Products, DuPont, Wilmington, 
Delaware). 
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Table 1. Lens Types Used in the Adherence of P. aeruginosa to Hydrogels 


Code/Generic Water content 
Polymer group“ name (%) Chemical compositions 
Low water, nonionic T/Tefilcon A 37.5 Poly(HEMA) crosslinked with EGDMA 
(Group I) P/Polymacon A 38.6 Poly(HEMA) crosslinked with EGDMA 
TA/Tetrafilcon A 42.5 Poly(HEMA + NVP + MMA) 
High water, nonionic V/Vifilcon A 55 Poly(HEMA + MAA-y-povidone) 
(Group II) L/Lidofilcon A 70 Poly(NVP + MMA) with allyl meth- 
acrylate and ethylene dimethacrylate 
S/Surfilcon A 74 Poly (MMA +NVP + other methacrylates) 
O/Omafilcon A 59 HEMA + PC (phosphatidyl choline) 
Low water, ionic PA/Phemfilcon A 38 Poly (HEMA + EOEMA+ MMA) 
(Group IIT) crosslinked with EGDMA 
E/Etafilcon A 43 Poly(HEMA+sodium methacrylate+ 
1,1,1 tri-methylol propane trimethacrylate) 
B/Bufilcon A 45 Poly[HEMA + N(1,1 dimethyl 3- 
oxybutyl)-acrylamide + MMA] 
High water, ionic PA/Phemfilcon A 55 Poly(HEMA + EOEMA + MMA) 
(Group IV) crosslinked with EGDMA 
E/Etafilcon A 58 Poly(HEMA-+sodium methacrylate + 
1,1,1 tri-methylol propane trimethacrylate) 
B/Bufilcon A 55 Poly[HEMA + N (1,1dimethyl 3- 


oxybutyl)-acrylamide + MMA] 


“adapted from Miller and Ahearn.’ 
Abbreviations: 
HEMA, 2-hydroxyethyl methacrylate 
NVP, n-vinyl pyrrolidone 
MAA, methacrylic acid 
MMA, methylmethacrylate 
EOEMA, 2-ethyoxy ethyl methacrylate 
EGDMA, ethylene glycol dimethacrylate. 


- Opti-Fluor scintillation cocktail (Packard Instruments, Downers Grove, IL). 

- Liquid scintillation counter (LS-7500, Beckman Instruments, Fullerton, CA). 
- 24 well polystyrene culture plate (Corning Glass Works, Corning, NY). 

- 20 mL scintillation vials. 


D. Methods of Testing 


1. Measurement of Adherence to Contact Lenses with Radiolabeled Cells 

The relative adherence of representative strains may be determined with modifications 
of the procedure of Sawant et al.!! and Gabriel et al.° according to the following protocol: 
A. RADIOLABELING PROCEDURE 


- Inoculate a plate of Tryptic Soy Agar from Tryptic Soy Broth stock culture (usually 
kept on slants). 
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Log phase cells of bacterium from TSB 
O.D. adjusted to 108 in PBS, serial dilutions, plate counts 


Radiolabeled L-[3,4,5-3H]-leucine, 20 min 


Hydrogels added (include hydrophobic material as a control example, silicone) 


y 


Wash 


2 h incubation E, SEM studies 


Five rinses in saline 


Transfer lens to liquid scintillation counter 


y 


Statistical evaluation of comparative adherence 


Figure 1. A typical flow chart for evaluating the adhesion of prelabeled bacteria 


- Incubate overnight at 37°C. 

- Inoculate 150 mL of TSB with a colony selected from the overnight culture. 

- Incubate to midexponential growth phase (about 14—18 h at 37°C) on a rotary shaker. 

- Harvest cells by centrifugation at (5000 g for 5 min), wash twice with 0.9% saline and 
resuspend cells in minimal broth. 

- Incubate cell suspensions with shaking at 37°C for 1h. 

- Add t-[3,4,5-°H] leucine to the cell suspension. 

- Incubate the cell suspension for an additional 20 min. 

- Harvest the labeled cells, wash 4 times in saline and suspend in PBS to 10° cells per mL. 

- Under sterile conditions remove lenses from the vials. 

- Incubate the lenses with 3 mL of the radiolabeled cell suspension at 37°C for 2 h ona 
rotary shaker. 

- Remove the lenses aseptically with forceps and rinse by immersing each lens five 
times in each of three successive changes of PBS (250 mL each). 

- Shake the lenses of excess PBS and transfer individual lenses to 20 mL glass 
scintillation vials containing 10 mL of Opti-Fluor scintillation cocktail. 

- Agitate the vials using a vortex-type mixer, and count in a liquid scintillation counter. 

- Dispense 100 uL of serially diluted radiolabeled cell suspensions of known 
concentration into scintillation vials and count as described above. The scintillation counts 
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are converted to actual cell numbers with a calibration curve relating disintegration per 
minute (dpm) to viable cell counts. 


B. VIABILITY OF ADHERED CELLS 


The radioactivity associated with adhered viable cells (only viable cells actively take 
up leucine) is distinguished from that of nonspecific absorption. 

- Grow the bacteria, wash, suspend in PBS or minimal broth (minimal broth is used in 
experiments for establish a mature biofilm). 

- Incubate the bacterial suspension for 24 h with individual lenses as described above. 

- Remove the lenses with a forceps and immerse each lens five times in each of three 
successive (250 mL) changes of PBS. 

- Transfer the lenses to individual 20-mL glass scintillation vials that contain sterile 
minimal broth with L-[3,4,5-°H] leucine and incubate for 30 min. 

- Remove the lenses from the radioactive and immerse it five times in each of five 
successive changes of PBS. Quantitate the radioactivity associated with the lenses as 
described above. Include lenses without adhered cells as background controls. 


C. FLow CHART 


See Figure 1 for flow chart. 


2. Bioluminesence (ATP Extraction) 


- Incubate the bacteria overnight at 37°C 

- Harvest the cells, wash and rinse in PBS. Adjust the O.D. (optical density) to 108 
cells/mL. 

- Place the hydrogel lenses into the wells of a new polystyrene microtiter plate 
containing 0.5 mL sterile PBS. 

- Dispense 2 mL of cell suspension in each well. Incubate for 2 h. 

- Rinse the lenses with adhered bacteria and transfer to wells of a 24-well polystyrene 
culture plate containing 0.5 mL of PBS. 

- Add a nonionic surfactant (0.5 mL, Extractant-XM, Biotrace, Plainsboro, NJ) (with 
mixing) to each well. 

- Agitate the plates gently for 5 min. 

- Dispense 0.2 mL from each well into luminometer cuvettes. 

- Add 0.1 mL volume of reconstituted luciferase-luciferin reagent (Enzyme-MLX, 
Biotrace) to each cuvette and analyse the reaction mixture in a luminometer (Uni-Lite X- 
cel, Biotrace). Light output is recorded in relative light units (RLUs). 

- Dispense 100 uL of dilutions of the original inoculum onto spread agar plates, and 
incubate for 24 h at 37°C. The calibration curve is generated from the plate counts. 

- RLUs are converted to actual cell numbers with a calibration curve relating light 
output to viable cell counts. RLUs obtained from the processing and extraction of enzyme 
treatment of the uninoculated suspending medium serve as a control and are adjusted for 
any nonspecific luminescence generated by uninoculated substrata. 


3. Sonication/Release 


- Remove lenses with adhered bacteria from the vials after 0, 6, 16, and 24 h and rinse 
in PBS. 
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Figure 2. Adherence of Pseudomonas aeruginosa #3 to different hydrogels. Codes are 
interpreted in Table 1. Vertical bars represent the standard error (n = 3). Adapted from Miller 
and Ahearn.’ 


- Place each sample in a separate sterile vial with 1 mL of PBS and sonicate for 1 min 
at 75 kHz in an ultrasonic bath (Branson Ultrasonics, Danbury, CT) filled to a 1 cm depth 
with deionized water. 

- Vortex the vials and then dispense 100 uL of adhered bacteria released from test 
samples on TSA spread plates. 

- Incubate the plates for 24 h at 37°C. Data are expressed as cfu/mm* 


4. Scanning Electron Microscopy 


- Incubate the lenses in suspension of 108 cells/mL in saline at 37°C for varying time 
periods up to 24 h. 

- Place the lenses in glass vials and rinse for 5 min in 3 mL of Sorensen’s phosphate 
buffer pH 7.4. 

- Fix the lenses with 2% glutaraldehyde in 0.1 M phosphate buffer for 1 h at room 
temperature. 

- Rinse three times for 10 min in 0.1 M phosphate buffer. 

- Postfix in 1% OsO, in 0.1 M phosphate buffer for 1 h at room temperature. 

- Rinse the lenses three times in 0.1 M phosphate buffer for 10 min, dehydrate in a 
graded ethanol series, and critical point dry in the presence of CO, in a critical point dryer 
(Balzer CPD 020). 

- Sputter coat the lenses with 7 to 9 nm Au/Pd and examine in a JEOL-35C scanning 
electron microscope operating at 15 kV.4 


5. Statistical Analyses 


For the 2 h or 18 to 24 h assays, repeat experiments are conducted with five or more 
samples for each type of lens. The adherence data for the 2 h assay are converted from 
dpm to cfu based on the calibration curve, and expressed as cfu/mm? of lens area. For the 
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Figure 3. Adherence of Pseudomonas aeruginosa #3 to hydrogels of varying water content 
and polymer composition in 2 h. Vertical bars represent the standard error (n = 5). 


18 to 24 h assays, the data are expressed usually as dpm/mm?. Adherence to various 
hydrogels is compared statistically using an unpaired student ‘t-test’ with (Sigma-Plot 
4.01, Jandel Scientific, Sausalito, CA) or with one way analysis of variance (ANOVA) 
(results are considered significant at p < 0.05). Quality assurance is based on inclusion of 
a standard hydrophobic silicone polymer control in all adherence studies. 


Ill. RESULTS AND DISCUSSION 


The relative degrees of adherence of P. aeruginosa # 3 to various hydrogels as 
determined by Miller and Ahearn? are presented in Figure 2. These data are essentially 
identical for certain lenses with current data obtained with the strain (Fig. 3). Slight 
differences were observed for the lenses, but varied lots for a given lens ranged from 
about 1.5 to 3.0 x10 4 cells/mm?. Contrary to general findings with increased water- 
content gels, adherence tended to increase with increased water-content of the gels among 
Group IV lenses. Analysis of adherence after 2 h via ATP determinations provided 
similar data for lenses of similar water content but more often this was a trend rather than 
a Statistically significant value (data not shown). Uptake of radiolabeled leucine by cells 
adhered for 18 h to hydrogels was greater per cell compared to leucine content of labeled 
cells from the plankton adhered for 2 h (data not shown). These data for 18 h may indicate 
a difference between alteration of leucine uptake and overall metabolic activity by a 
substratum rather than a significant reduction in adherence. The degrees of adherence for 
postlabeled cells are determined only after confirmation with the other test procedures. 

Our test procedures have been developed to facilitate the selection of hydrogels that are 
least susceptible to initial adhesion or firm adherence by microorganisms. We employ a 
relatively vigorous rinsing procedure which essentially removes all but the firmly 
adhered cells. Eventually (18—48 h), P. aeruginosa GSU #3 will form mature biofilms on 
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most of the hydrogels we have studied, but the rate and extent of formation varies with 
nutrient conditions and inocula densities.!'! The densities and rate of accumulation of 
Gram-negative bacteria also have been related to the involvement of cell-to-cell signals.” 
Whether single compounds control the densities of firmly adhered cells on a surface has 
not been determined. The incorporation of antimicrobials in hydrogels (e.g. antibiotics or 
silver compounds) also may significantly affect primary adherence. When antimicrobials 
are present new calibration curves, particularly for ATP analysis, are necessary. 

We have addressed test parameters for a selected strain of P. aeruginosa that has been 
studied extensively.!! Our experience with other species and strains indicates that optimal 
inocula concentrations, interaction of substratum or inhibitors with reactants for ATP 
analyses, and rates of leucine uptake must be established for each strain for valid interpre- 
tation of the adherence tests. 
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I. INTRODUCTION 


Any implanted biomaterial, in particular those used for orthopedic surgery, shows an 
increased susceptibility to microbial infections, frequently due to staphylococci.”777833>° 
Although the incidence rate of bacterial infections associated with orthopedic devices 
has been considerably reduced in many centers, each infection is very detrimental to the 
patient and very difficult to treat.™!427:28.33.50 Staphylococcus aureus and Staphylococcus 
epidermidis not only represent a significant proportion of all pathogens responsible 
for orthopedic implant infections, but they may lead to dramatic metastatic, life- 
threatening complications.77>° 

Although the use of antibiotic prophylaxis to reduce the risk of infection is an 
established routine, !** the recent emergence of methicillin- and cephalosporin-resistant 
strains of staphylococci raises important questions about current antibiotic prophylaxis.78 

The susceptibility of any biomaterial implant to bacterial infections may be influenced 
by interfacial reactions with host defense mechanisms,!” and by specifically elaborated 
microbial factors promoting bacterial colonization.'® Bacterial adhesion is the first step 
leading to colonization and infection of orthopedic materials.!® Alterations in the host 
defense mechanisms in the vicinity of biomaterial implants are also suggested, although 
they have rarely been confirmed by experimental data. Since the presence of a foreign 
body markedly increases the pathogenic potential of organisms of low virulence such as 
S. epidermidis,*° patients infected with such organisms in connection with biomaterial 
implants may be considered in some way as locally immunocompromised patients. 
Arguments in favor of local defects in the host defense against staphylococcal foreign 
body infections are also provided by experimental studies in animals, indicating that a 
bacterial inoculum considered as “subinfective” in a particular model of experimental 
wound infection can become “infective” in the presence of foreign materials such as 
sutures, hemostats, soil, devitalized and crushed muscle tissue, gelatin or oxidized 
cellulose, as reviewed by Georgiade et al.!? For example, the minimal infective dose for 
S. aureus can be as low as 100 cfu, whereas 10’ organisms are noninfective in the 
absence of foreign material.’ 


Handbook of Bacterial Adhesion: Principles, Methods, and Applications 
Edited by: Y. H. An and R. J. Friedman © Humana Press Inc., Totowa, NJ 
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Figure 1. (A): View of a multiperforated Teflon tissue cage, with two inserted PMMA 
cover slips and two sealing caps, before implantation. (B): Immunofluorescent staining of 
fibronectin recovered on PMMA cover slips subcutaneously implanted into guinea pigs for 
4 wk. (Reprinted with permission.) (C): Adhesion of the parental strain 8325-4 of S. aureus 
and its fibronectin adhesin-defective mutant strain DU5883 which does not produce either 
fibronectin-binding protein (FnBP) A or B. (Reprinted with permission.!>) 
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II. GUINEA PIG MODEL 
OF SUBCUTANEOUS FOREIGN BODY INFECTIONS 


To analyze the role of microbial and local host factors in foreign body infections, we 
developed an experimental model suitable for analysis of the various microbiological, 
immunologic, and cellular events preceding, or associated with, a foreign body 
infection.°° 

In this model, rigid polytetrafluoroethylene (Teflon) tubes (internal and external 
diameters, 10 and 12 mm, respectively; length 32 mm) are perforated by 250 regularly 
spaced holes (diameter, 1 mm) and sealed at each end with a cap of identical material 
(Fig. 1A). Guinea pigs weighing 500 to 600 g each, which are allowed free access to food, 
receive an intramuscular induction of a neuroleptanalgesia (0.1 mL/100 g of body weight; 
Hypnorm®; Veterinary Drug Company, Dunnington, UK), composed of 10 mg/mL 
fluanisol and 0.2 mg/mL fentanyl, per 100 g body weight. Then a 4 cm incision is made 
with an aseptic technique, and the subcutaneous space dissected bluntly. Four steam- 
sterilized tissue cages are implanted in each flank, then the skin is closed with metal clips, 
which are removed 1 wk after surgery. The animals are used for experimentation 3 to 6 
wk after implantation of the tissue cages, after full healing of the incision. 

An important characteristic of this and other types of subcutaneous implants with a 
dead space is the presence of a sterile inflammatory exudate which accumulates inside the 
tissue cages within the 2 to 4 wk after their implantation. This tissue cage fluid can 
be easily aspirated for analysis of its humoral and cellular components, and also to exclude 
occasional, spontaneous bacterial contamination. 

The minimal infective dose of S. aureus was found to be very low in the guinea pig 
tissue cage model, since inoculation of 10° cfu produced infections in all tissue cages 
tested.© In contrast, no infection could be produced by either subcutaneous or intra- 
peritoneal injection of >10° cfu of S. aureus in the absence of tissue cages,°° thus 
confirming that S. aureus or S. epidermidis exhibit increased virulence only when 
associated with foreign implants. A few hours after inoculation of S. aureus, an abundant 
influx of neutrophils occurred into tissue cages resulting in abscess formation.© Despite 
this intense inflammatory response, formation of spontaneous fistula with purulent 
discharge and subsequent spontaneous shedding of the foreign bodies occurs in most 
cases, followed by spontaneous wound healing. No signs of bacteremic spread could be 
demonstrated and bacteriological cultures of other organs were uniformly negative.” 
An additional characteristic of this tissue cage model was the response to parenteral 
antistaphylococcal antibiotics, which could prevent or eradicate tissue cage infections 
only if treatment was initiated before or during the first 6 to 12 h after inoculation of 
S. aureus” but were ineffective if initiated >12 h after inoculation.’ Such inefficacy of 
antibiotic therapy, initiated after infection has developed, is commonly observed in the 
clinical context of staphylococcal foreign body infections. 


II. FACTORS INFLUENCING STAPHYLOCOCCAL ADHESION 
IN VITRO AND IN VIVO 


In vitro studies aiming to describe mechanisms of bacterial attachment relevant to the 
colonization of orthopedic biomaterial implants are frequently performed in the absence 
of any host-relevant factors. This omission is unfortunate when we know that exposure of 
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any biomaterial to blood results in the immediate formation of a conditioning layer of 
blood proteins and cells on its surface.° These protein layers may influence the staphylo- 
coccal attachment in two different ways: 1) by masking nonspecifically any direct 
interaction between bacterial adhesive surface components and artificial surfaces,?**6 and 
2) by increasing more specifically the attractive properties of biomaterials for staphylo- 
cocci. The blood components and tissue proteins containing specific binding sites for 
staphylococci are evidently ideal candidates for such a phenomenon, if they can be 
adsorbed in adequate amounts on the surface of biomaterials. 

A useful way to evaluate the role of different proteins in promoting or preventing 
staphylococcal adhesion to indwelling devices may be the comparison between 
unimplanted and implanted foreign surfaces. For this purpose, our laboratory designed a 
specific in vitro bacterial attachment assay that originally made use of (1x1 cm) 
polymethylmethacrylate (PMMA) surfaces called cover slips.©-° Subsequently, metallic 
surfaces also presenting as coverslips were tested in the same assay with minor 
modifications.* 


A. Bacterial Adhesion Assay 


The cover slips are first cleaned with 100% ethanol and sterilized by heating at 120°C 
for 30 min. Then they are either coated in vitro with pure proteins (see below) or inserted 
into the tissue cages which are implanted into guinea pigs (Fig. 1A). 

In vitro protein-coated cover slips are incubated with indicated concentrations of the 
selected purified protein for 60 min at 37°C, then rinsed twice with phosphate-buffered 
saline (PBS) solution. Tissue cage-implanted cover slips are removed 1 mo after surgery 
and rinsed twice with PBS. 

The bacterial adhesion assay is performed by incubating the in vitro or in vivo coated 
coverslips with 4x10° colony-forming units (cfu) of radiolabeled bacteria, in PBS 
supplemented with 1 mM Ca*+, 0.5 mM Mgt, and 5 mg/mL of purified human albumin. 
Radiolabeled bacteria are prepared by incubating 1-2x10/ cfu from overnight cultures in 
Mueller-Hinton broth with 25 uCi of 3H-thymidine in 1 mL of Mueller-Hinton broth. 
After 3 h of exponential growth at 37°C, the bacterial cultures containing 1-2x108 cfu are 
rinsed from unbound radioactivity by two centrifugations and suspended in 1 mL 0.9% 
NaCl. Albumin is added to the assay buffer to minimize direct, nonprotein-mediated 
adhesion of the staphylococci to the cover slips. 

At the end of the attachment period, which takes place for 60 min at 37°C in a shaking 
waterbath, the fluids containing unbound bacteria are drained and the cover slips are 
transferred into new tubes containing 1 mL of 0.9% NaCl. This transfer procedure 
minimizes the carry-over of fluid contaminated with unbound bacteria. After 5 min at 
20°C, a second wash is performed with 1 mL of fresh 0.9% NaCl for 30 min at 20°C. 
Thereafter, polymer cover slips may be directly immersed into 5 mL scintillation fluid 
(Ultima Gold™, Packard) and the radioactivity of attached bacteria directly estimated in a 
liquid scintillation counter. When metallic cover slips are used, they cannot be counted 
directly in the liquid scintillation. Therefore, the bacteria attached to metallic cover slips 
are first released from theses surfaces by incubation with 100 ug/mL trypsin for 15 min 
at 37°C. The radioactivity of each trypsin-extracted sample is then estimated by radio- 
activity counts. 
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Results of bacterial adhesion assays can be expressed in different ways. One of them is 
the percentage of the total bacterial output, which itself is expressed either as radioactive 
units (cpm or dpm) or viable units (cfu). Attachment can also be normalized as the num- 
ber of adherent cfu (or cpm) per surface unit (cm7). 


B. Comparison of S. aureus Attachment 
to Either In Vitro Protein-Coated or Explanted Cover Slips 


Incubation of different types of unimplanted artificial surfaces, such as PMMA,?*°.6! 
or Teflon,” with either whole plasma,’ serum,*©-© or purified serum albumin*2295-60-61 
was shown to prevent bacterial adhesion for a vast majority of clinical and laboratory 
staphylococcal strains and species. We have shown a similar inhibition by albumin of S. 
aureus and S. epidermidis adhesion to metallic surfaces of orthopedic use, such as 
stainless steel, pure titanium and titanium alloy.‘ In view of these results, many studies of 
bacterial adhesion on protein-coated surfaces now include this protein in the fluid phase 
of bacterial suspensions to reduce the contribution of nonspecific physicochemical forces 
to the process of staphylococcal attachment. 

In contrast to unimplanted surfaces, polymeric or metallic cover slips implanted 
subcutaneously into guinea pigs inside the tissue cages and subsequently excised after 
4 wk showed entirely different characteristics towards S. aureus® or S. epidermidis* 
adhesion: 1) they allowed a significant bacterial attachment even in the presence of 
serum, albumin, or tissue cage fluid:*+® 2) the new attachment characteristics of either 
PMMA” or metallic cover slips, acquired during their implantation, were due to the 
presence of trypsin-sensitive adhesins on the surface of implants; and 3) these acquired 
adhesins were likely to be host conditioned. Microscopic examination revealed that 
explanted PMMA cover slips were coated with fibers and cellular materials that stained 
intensely with antifibronectin antibodies® (Fig. 1B). The presence of fibronectin was 
linked to the development of connective tissue!? on the surface of PMMA, as evidenced 
by the presence of numerous fibroblasts and collagen fibers. 

To demonstrate that fibronectin deposited on PMMA cover slips during in vivo 
exposure was a major factor mediating the adhesion of S. aureus Wood 46, the potential 
binding sites of S. aureus were blocked by specific antibodies to fibronectin. Treatment of 
explanted cover slips with such antibodies strongly reduced staphylococcal adhesion.+ 
A similar inhibition was observed on unimplanted cover slips coated in vitro with purified 
fibronectin. Antibody-mediated inhibition of S. aureus adhesion could be demonstrated 
because strain Wood 46 used for this study is devoid of protein A; indeed the presence of 
protein A, which is an abundant surface component of most S. aureus strains known to 
attract large amounts of immunoglobulin G (IgG) by binding their Fc portion, would have 
masked the specific Fab-mediated blocking effect of antifibronectin antibodies on 
S. aureus adhesion. 


IV. MOLECULAR MECHANISMS OF S. AUREUS ATTACHMENT 
TO PROTEIN-COATED IMPLANTS 


In vitro, and to some extent in vivo, studies identified host proteins that could promote 
S. aureus attachment to polymeric and metallic surfaces when immobilized on such 
substrates. These proteins are either plasma or extracellular matrix components and 
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Figure 2. Size of titanium miniplates and miniscrews (A) and radiographic appearance (B) 
at 6 wk after insertion onto the iliac bones of guinea pigs. (Reprinted with permission.’) 


include fibrinogen or fibrin,?**? fibronectin,??°’*! collagen,*® laminin,?**> bone 


sialoprotein,*?© elastin,“ vitronectin,! 34 thrombospondin,”! and von Willebrand factor.2° 

Progress has also been made in elucidating cell-wall associated surface components of 
S. aureus, called bacterial adhesins, which promote specific interactions with individual 
host proteins. A recently introduced acronym used to describe such adhesins is 
MSCRAMMs (for microbial surface components recognizing adhesive matrix 
molecules).*7 

These studies allowed identification and characterization of the genes for two 
fibrinogen-binding protein components,*?°- a collagen adhesin,***! an elastin-binding 
protein,“ and two distinct but related fibronectin-binding proteins.*?° Site-specific 
mutants of S. aureus specifically defective in adhesion to a single host protein such as 
fibrinogen,***? fibronectin, >>? or collagen*?48 have been described and used in various 
in vitro and in vivo studies. In particular, a knockout mutant of S. aureus 8325-4 that was 
defective in the expression of both fibronectin-binding proteins was severely impaired in 
its ability to attach to coverslips explanted from guinea pigs (Fig. 1C).!> 


V. GUINEA PIG MODEL OF BONE-IMPLANTED METALLIC DEVICES 


More recently, a novel experimental model has been developed to reproduce 
conditions of internal fixation devices and evaluate the interaction of various host and 
microbial factors contributing to bacterial adhesion and colonization of bone-implanted 
materials.’ This novel animal model was used to evaluate the contribution of fibronectin 
in the attachment of S. aureus to the previously implanted orthopedic devices. This 
contribution could be determined by comparing the adhesion of a fibronectin adhesin- 
defective mutant of S. aureus with adhesion of its isogenic parental strain. 
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Figure 3. Adhesion of the parental strain 879R4S of S. aureus and its fibronectin adhesin- 
defective mutant strain 879R4S/1536 to either gelatin-PMMA cover slips coated in vitro 
with increasing amounts of fibronectin (A) or to titanium miniplates or miniscrews explanted 
from either iliac bones or the subcutaneous space of guinea pigs (B). (Reprinted with 
permission.’) 


A. Surgical Procedure 


This surgical procedure has been approved by official authorities of the University 
and State of Geneva. The orthopedic devices (Synthes®, Stratec Medical, Waldenburg, 
Switzerland) implanted into guinea pigs are metallic miniplates and miniscrews (6x2 
mm) made of pure titanium (Fig. 2A). The day before surgery, guinea pigs are carefully 
shaved, depilated and kept starved overnight. Guinea pigs are anesthetized by intra- 
muscular administration of 0.2 mL Hypnorm®. Each guinea pig is placed in the prone 
position with its back legs in extension. The skin is carefully disinfected with Merfen® 
(Zyma, Gland, Switzerland) and draped with a self adhesive sheet. A median skin 
incision is made, starting 4 cm proximal to the cloaca and extending 5 cm cranially. The 
subcutaneous tissue is dissected down to the aponeurosis, which is incised 1 cm laterally 
to the spinal processes. The gluteal muscles are then atraumatically dissected to expose 
the proximal parts of the iliac wings over a distance of 2 cm. Following positioning of a 
self-retaining retractor, a hole of 1.5 mm in diameter is then drilled to allow provisional 
fixation of each plate on the iliac bone. Two additional screws are then inserted on each 
side of the plate to complete the fixation (Fig. 2B). Thereafter, the surgical field is rinsed 
with isotonic saline and the aponeurosis sutured with 5-0 Vicryl®. Before closing the 
skin incision with skin staples, additional miniplates and miniscrews, identical to those 
fixed on the iliac bones, are subcutaneously implanted as controls. Anesthesia is 
antagonized by an intramuscular injection of 0.025 mL of Narcan® (Dupont Pharma 
GmbH, Bad Hamburg, Germany) per 100 g of body weight. No further postoperative 
procedure is performed and animals are left in their normal surroundings for 6 wk, with 
daily surveillance during the first week. 
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B. Outcome of the Surgical Procedure 


After initial occurrence of immediate postoperative paraplegic complications in six 
guinea pigs in an initial group of 18 animals, the surgical procedure was improved to 
further reduce the risk of nervous damage. In a second group of twelve operated animals, 
none of them showed any wound repair defect or infective complication. In a further 
series of 28 animals, only one died of postoperative complications. Thus, the novel 
animal model of bone-implanted metallic plates has a low rate (<5%) of complications 
during the 6 wk postoperative period.’ 


C. S. aureus Attachment to Bone-Implanted Metallic Devices 


Five to 6 wk after surgery, the miniplates and miniscrews are explanted from 
previously killed animals, carefully rinsed in PBS, and tested in the in vitro assay of 
S. aureus adhesion to metallic surfaces as described above. To evaluate the role of 
fibronectin in staphylococcal adhesion to explanted plates and screws, a mutant of 
S. aureus specifically defective in fibronectin adhesion because of decreased expression 
of the fibronectin adhesin was compared with its isogenic parental strain (Fig. 3A). 
A significant reduction in adhesion of the fibronectin adhesin-defective mutant compared 
to the parental strain occurred on both the subcutaneously and bone-implanted metallic 
plates’ (Fig. 3B). These data suggested that fibronectin was present on bone-implanted 
metallic devices and promoted attachment of S. aureus to their surface. This novel 
experimental model should help to characterize several parameters of bacterial adhesion 
to orthopedic metallic devices and to develop novel anti-adhesive strategies for 
preventing such infections. 


VI. DEVELOPMENT OF IN VITRO ASSAYS 
MORE RELEVANT TO IN VIVO CONDITIONS 


To study in more detail the interaction of S. aureus and S. epidermidis with specific 
host proteins deposited on foreign surfaces, several investigators have used simplified in 
vitro bacterial adhesion assays. A common feature of these assays was the in vitro coating 
of artificial surfaces with individual blood or matrix protein or sometimes a mixture of 
them.” A frequent limitation of many studies has been the empirical choice of protein 
concentrations used for coating the artificial surfaces. To compare in vitro assays with in 
vivo conditions, it is important to determine in vitro protein coating conditions yielding 
levels which on the average may approximate those recovered in vivo on biomaterial 
implant surfaces. Of course this estimation cannot be very accurate since host proteins 
frequently form complex organized networks on biomaterial implants in vivo. 

In vitro adsorption of most proteins is usually quantified by using either radiolabeled 
preparations of these macromolecules or by appropriate immunoassays. In various 
studies performed with purified fibronectin radiolabeled with either !**I or 7H, we found 
that protein adsorption on either PMMA, ®! Teflon,’ polyvinyl chloride tissue culture 
plates™ or polyurethane!?44>9 was dose-dependent and saturable. Similar data were also 
obtained with cover slips of various metallic composition.*!!>4 Quantitative dose- 
dependent and saturable adsorption on artificial surfaces was also observed with radio- 
labeled fibrinogen. “58 

Promotion of S. aureus adhesion by either surface-bound fibronectin or 
fibrinogen was dose-dependent, being a linear function of both the quantity in solution 
and the quantity adsorbed on each type of artificial surfaces at intermediate protein 


4,21,59,61,64 
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concentrations. We have repeatedly observed that fibrinogen and fibronectin were 
reliably adsorbed on either PMMA cover slips*!»? or polyurethane catheter segments”? 
from solutions containing submicrogram amounts of each protein per mL. In contrast to 
fibrinogen which could be directly adsorbed on native polymer surfaces from such highly 
diluted protein solutions,*!»? precoating of the materials with gelatin was required for 
fibronectin.5®5? This precoating step significantly improved the wettability of the 
different polymer surfaces. Of interest was the observation that optimal adhesion of 
S. aureus was promoted by levels of fibrinogen or fibronectin much lower than those 
leading to a monolayer coating of the surfaces.4!>3>° 

Fibronectin adsorption onto PMMA was also studied with purified radiolabeled 
fibronectin in complex protein mixtures such as human serum, after sequential depletion 
of endogenous plasma fibronectin and serum reconstitution. Under these conditions, 
fibronectin adsorption on PMMA cover slips was inhibited by 98%, when compared to 
that occurring in the absence of serum proteins.°! Other studies have confirmed the 
decreased affinity of fibronectin for various hydrophobic surfaces in the presence of 
serum proteins. !6!7.30 

The quantity of fibronectin adsorbed on PMMA in the presence of serum proteins was 
indeed too low to promote a significant adhesion of S. aureus Wood 46 to PMMA cover- 
slips. These observations explain why native PMMA or Teflon cover slips preincubated 
with 10% whole serum, containing approx 30 ug/mL of fibronectin, were unable to pro- 
mote subsequent adhesion of either S. aureus Wood 46>! or other strains of 
S. aureus or S. epidermidis.??° 

Precoating of either PMMA®! or Teflon® with gelatin or heat-denatured collagen 
restored the ability of the foreign material to adsorb fibronectin from the mixture of serum 
proteins. Both denatured collagen and gelatin can interact with the specific collagen- 
binding site’? of fibronectin by a specific domain,”®*! containing the mammalian 
collagenase cleavage site. The quantity of fibronectin adsorbed on either PMMA®! or 
Teflon* in the presence of serum proteins was at least 25% of the quantity adsorbed in the 
absence of serum proteins. Interestingly, equivalent amounts of fibronectin had a much 
higher adhesion-promoting activity on S. aureus when adsorbed from serum mixtures on 
collagen-precoated PMMA"! or Teflon> than when adsorbed on native cover slips. These 
data suggest a potential role for collagen as a cofactor contributing to S. aureus adhesion 
onto fibronectin-coated surfaces. Collagen-fibronectin interactions could favor 
conformational changes in the fibronectin molecules, such as exposure of a maximal 
number of binding sites to S. aureus. 

To summarize the characteristics of host-mediated staphylococcal adhesion to 
artificial surfaces measured under in vitro and in vivo condition: 


1. Fibronectin is by far the best characterized protein adhesin interacting with both 
coagulase-positive and -negative staphylococci in vitro and in vivo; 

2. Except for fibrin (or fibrinogen) and collagen,*® the presence and contribution of 
additional blood or matrix adhesins to bacterial adhesion and colonization of 
indwelling devices still needs to be fully evaluated; 

3. Serum limits considerably the adsorption of fibronectin onto freshly implanted 
plastic materials; 

4. The presence of collagen on the surface of biomaterial implants may circumvent the serum- 
mediated inhibition of fibronectin adsorption; 
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5. Biomaterials implanted in the subcutaneous space are progressively colonized by 
cellular and fibrillar connective tissue components, and fibroblasts may contribute by their 
own protein synthesis machinery to the deposition of fibronectin on the extracellular matrix 
coating the artificial material. This cellular form of fibronectin is closely related to the plasma 
form of fibronectin?5?® and can be deposited on artificial surfaces despite the presence of 
serum components; !7 

6. The presence of fibrin clots on the surface of blood-exposed biomaterials may also contribute 
to fibronectin deposition covalently crosslinked by factor XIII. 


VII. CONCLUDING REMARKS 


The first steps of in vivo bacterial attachment for S. aureus and other microbial 
organisms seem to be strongly influenced by extracellular and cellular elements coating 
implanted biomaterials. While further steps of bacterial colonization may involve the 
contribution of cellular and extracellular microbial factors leading to extensive bacterial 
biofilms, it is important to define the contribution of biomaterial-adsorbed host factors on 
early bacterial attachment. This type of study should help to characterize clinically- 
relevant parameters of bacterial adhesion to biomaterial implants and may contribute to 
the development of novel anti-adhesive strategies for preventing implant-associated 
infections. 
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I. INTRODUCTION 


Studies assessing DNA-DNA reassociation kinetics have been used to define 
32 staphylococcal species, approximately half of which are indigenous to humans.°? 
Although all staphylococci are opportunistic pathogens, the vast majority of human 
infections can be attributed to one of only three species.>?™ Staphylococcus epidermidis 
is a coagulase-negative species that can be universally found on the skin. Although 
relatively avirulent, it has a remarkable ability to colonize biomaterials and is a leading 
cause of infections centered on in-dwelling medical devices. In fact, S. epidermidis has 
been referred to as a “pathogen of medical progress” based on the almost direct 
correlation between its increasing incidence of infection and the increasing use of 
medical implants.!° Staphylococcus aureus is clearly the most prominent staphylococ- 
cal pathogen. In addition to its production of coagulase, S. aureus is distinguished from 
other staphy-lococcal species by its ability to produce a diverse array of virulence factors 
and the concomitant ability to cause a diverse array of infections.’*!° These range from 
relatively benign infections of the skin (e.g., folliculitis) to debilitating and even 
life-threatening disease (e.g., osteomyelitis, endocarditis). S. aureus also has a remark- 
able capacity to colonize biomaterials and is probably less prominent than S. epidermidis 
as a biomaterial-related pathogen only because it is a less common inhabitant of humans. 
Staphylococcus saprophyticus is a less prevalent pathogen than S. epidermidis or 
S. aureus but is a frequent cause of urinary tract infections, particularly in young, 
sexually active women.” The different disease syndromes associated with each of 
these staphylococcal species is largely a function of their respective abilities to produce 
specific adhesive molecules that promote their adherence to biomaterials and/or host 
tissues. Because S. epidermidis infections are most often associated with in-dwelling 
medical devices, and because staphylococcal adherence to biomaterials is eloquently 
addressed elsewhere in this book (Chapter 20), the focus of this chapter will be on the 
S. aureus adhesins that promote the colonization of host tissues. 
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II. COLONIZATION IN HEALTH AND DISEASE 
A. Colonization of Healthy Adults 


A primary predisposing factor for S. aureus infection is colonization of the anterior 
nasopharynx.!>! Approximately 20% of the population are persistently colonized and an 
additional 30% are colonized on a more transient basis.’* Based on the correlation 
between colonization with S. aureus and the likelihood of infection, patients at risk of 
infection are often treated with topical antibiotics (e.g., mupirocin) in an effort to 
eliminate the bacterium from the nasopharynx.!>! This approach is generally effective but 
only on a temporary basis. Moreover, the continued emergence of mupirocin-resistant 
strains®:!4? suggests that its utility will decline over time. An alternative is to reduce nasal 
carriage by disrupting the interactions between S. aureus and the nasal mucosa. This 
interaction appears to be primarily dependent on the mucus layer rather than the 
respiratory epithelium.'!> There is evidence to suggest that cell wall teichoic acids are 
involved in the adherence of S. aureus to the nasal mucosa.2 However, recent studies 
suggest that S. aureus also produces surface proteins that specifically bind mucin. 123.137.141 
For example, Shuter et al.!?> demonstrated that S. aureus produces 127 and 138-kDa 
surface proteins that bind human nasal mucin. On the other hand, some clinical isolates 
did not adhere to mucin-coated surfaces despite the fact that Western blot analysis 
confirmed the presence of both proteins.!*? These results suggest that the contribution of 
the mucin-binding proteins to colonization of the nasal mucosa is dependent on the 
context of their presentation. Indeed, Trivier et al.!4! demonstrated that nonmucoid strains 
of S. aureus bind mucin much more efficiently than mucoid strains. To date, the identity 
of the 127 and 138-kDa proteins and their relationship to other S. aureus adhesins has not 
been established. 


B. Colonization in Disease 


From the anterior nasopharynx S. aureus is easily transferred to the skin. Its presence 
in either location is largely irrelevant in healthy adults; however, any compromise of the 
innate defense systems of the host can lead to disease. The primary initiating event is a 
break in the mechanical barriers of the skin or nasal mucosa,!>! with the most common 
manifestation being a wound infection. However, S. aureus can invade into deeper tissues 
and eventually reach the bloodstream. Once there, it can colonize the vascular 
endothelium either directly or by virtue of platelets and host proteins (e.g., fibronectin, 
fibrinogen) deposited at sites of inflammation.’? S. aureus is also capable of binding a 
variety of host proteins found within the extracellular matrix (ECM).”° The ability to bind 
plasma and ECM proteins appears to be a major contributing factor in the development of 
several forms of staphylococcal disease including wound infections, endocarditis and 
septic arthritis.44-°4.8494,!00.119 For that reason, the remainder of this chapter is devoted to 
a discussion of the adhesins that promote the interaction between S. aureus and host 
plasma and ECM proteins. 


II. GENERAL PROPERTIES OF STAPHYLOCOCCUS AUREUS ADHESINS 


A. MSCRAMM Adhesins 


Patti et al.’ introduced the acronym “MSCRAMM” to denote microbial surface 
components recognizing adhesive matrix molecules. To qualify as an MSCRAMM, the 
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molecule must be localized to the cell surface and must recognize and bind a macro- 
molecular ligand found within the host ECM.°® Like other Gram-positive pathogens, 
S. aureus produces a diverse array of proteins that qualify as MSCRAMMSs. The host 
protein targets of the S. aureus MSCRAMMs include collagen,!** fibronectin,*” 
fibrinogen,’**8 elastin,’ laminin,’? von Willebrand factor,*° vitronectin,?%!>> 
thrombospondin*! and bone sialoprotein.!!? The S. aureus MSCRAMMs that bind 
collagen (CNA), fibronectin (FnBPA and FnBPB), fibrinogen (CIfA and CIfB) and 
elastin (EbpS) have been identified and their corresponding genes cloned.275+7488.97,102 
Recent data also suggests that staphylococcal protein A (Spa) is responsible for the bind- 
ing of von Willebrand factor (Hartlieb J, et al.: Abstract #B-080, 38th Interscience 
Conference on Antimicrobial Agents and Chemotherapy, 1998, San Diego, CA). With the 
exception of Spa, which is best known for its ability to bind immunoglobulin G (IgG), all 
of these MSCRAMM adhesins appear to bind a single host protein although they some- 
times do so by virtue of multiple binding domains.5!6° 

Although their host protein ligands have not been described, Josefsson et al.” recently 
described the characterization of three genes (sdrC, sdrD and sdrE) that also appear to 
encode MSCRAMMsSs. These genes were identified and cloned based on a conserved 
region of serine-aspartate repeats (Sdr) like those found in the CIFA and CIfB MSCRAMMs.®8 
Although SdrC, SdrD and SdrE have additional structural features in common with each 
other (Table 1), the putative ligand-binding domains exhibit little similarity.°> While that 
suggests that the Sdr adhesins may bind different host proteins, the ligand-binding 
domains of CIfA and CIfB also exhibit relatively little similarity despite the fact that they 
both bind fibrinogen.** Based on that, it is unclear whether the different A domains in 
SdrC, SdrD and SdrE reflect a binding specificity for different host proteins or for 
different regions of the same protein. 

The S. aureus MSCRAMMSs that bind laminin, vitronectin, thrombospondin and bone 
sialoprotein (BSP) have not been clearly defined. McGavin et al.” identified a surface 
protein that binds a variety of host proteins including BSP, fibrinogen, fibronectin, 
vitronectin, thrombospondin and, to a limited extent, collagen. Based on sequence 
homology with a segment of the peptide binding groove of the B chain of MHC class II 
proteins, this protein was designated the MHC analogous protein (Map).°* It was 
originally suggested that Map binding involved lectin-like activity;’° however, 
subsequent studies demonstrated that the interaction between Map and at least some of its 
target proteins involves a direct, protein-protein interaction. Phenotypic 
characterization of clfA, clfB, fnbA, fnbB and cna mutants suggests that Map makes a 
relatively minor contribution to the binding of fibrinogen, fibronectin and collagen.>788.!00 
Also, because map is highly conserved among clinical isolates of S. aureus,!*> the 
observation that the ability to bind thrombospondin, vitronectin and BSP is a strain- 
dependent characteristic?°*!:!°4!!! suggests that adhesins other than Map are involved in 
the binding of these proteins. In the case of BSP, Yacoub et al.!°° isolated a 97-kDa cell- 
associated protein that binds a nonapeptide sequence (LKRFPVQGG) present in the amino 
terminus of BSP.!!° The fact that binding was not inhibited in the presence of rat 
chondrosarcoma proteoglycan, N-linked oligosaccharides purified from BSP, fibronectin, 
fibrinogen or collagen would appear to distinguish this protein from Map;!!>157 however, 
to date, the gene encoding the 97-kDa adhesin has not been identified. There are no 
reports describing adhesins that specifically bind laminin, thrombospondin or vitronectin. 
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Table 1. Comparison of S. aureus MSCRAMM Adhesins 
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Not directly reported but includes all conserved 
motifs (e.g. LPXTG). Wall anchoring motifs of 
Sdr adhesins are more similar to each other than 
to Clf adhesins. 





Ligand-binding A domain 
contains a 19 kDa collagen- 
binding subdomain. The B 
domains serve no obvious 
function. 


Either FnBPA or FnBPB 
is sufficient for binding. 

Binding is a function of 

the D repeats. 


The A domain in CIfA 
contains an EF hand and 

a MIDAS (DYSNS) motif. 
The A domain in CIfB 
contains a MIDAS motif 
but only a partial EF hand. 


Each B domain contains an 
EF hand motif. 


Processing to cell surface 
may involve carboxy- 
terminal signal sequence. 
Map consists almost entirely 
of repetitive B domains. 
Each B domain contains 
a31 amino acid subdomain 
similar to MHC class II 
molecules 
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“In those cases in which size is hyphenated (e.g., CNA), the numbers represent the range defined by the number of repetitive domains. In other cases, the 
predicted size derived from the nucleotide sequence is given first followed parenthetically by the size observed in cell lysates. Because size determinations in 
S. aureus lysates are complicated by the need to use cell wall lytic enzymes (e.g., lysostaphin) that release the MSCRAMM along with peptidoglycan frag- 
ments, size was most often determined in E. coli using clones of the corresponding MSCRAMM gene. Even in E. coli, the presence of proline-rich regions in 


the W domain is also thought to result in anomalous migration patterns in SDS-PAGE gels. 


>With the exception of the FnBPA B domains, the repetitive domains are located between the nonrepetitive A domains and the carboxy-terminal sorting signal. 
The FnBPA B domains are in the middle of the nonrepetitive region between the A and C domains. 


‘The sorting signal consists of a wall-spanning domain (W), an anchoring motif (LPXTG), a membrane-spanning domain (M) and a carboxy-terminal tail 
containing charged amino acids. The beginning of the cytoplasmic tail is generally defined as the first positively-charged amino acid (K or R) after the M 
domain. 

“The CIFA and CIfB exhibit only 26% identity. The Sdr adhesins exhibit a similar level of identity both with respect to each other and with respect to the Clf 
adhesins. 

The R region in CIfA (and presumably CIfB) is highly variable ranging from 193 to 440 amino acids. Deletion analysis suggests that 80 amino acids represents 
a functional minimum. Whether the same size range and functional limits apply to CIfB is unknown. 


fThe primary sequence of the Sdr proteins has not been reported. Predicted sizes are based on comparisons with CIfA. 


8The signals responsible for localization of the EbpS and Map adhesins to the cell surface are unknown. Neither contains the characteristic sorting signal and 
neither is covalently linked to the cell wall peptidoglycan. 
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Figure 1. Structural characteristics of S. aureus MSCRAMMs. A long nonrepetitive 
domain (A) that is often responsible for binding follows the amino-terminal signal sequence 
(S). The nonrepetitive region in the FnBPs is subdivided into a long region with little 
similarity (A) and a shorter, almost identical region (C). In FnBPA, these regions are 
separated by a short repetitive region (B) that is absent in FnBPB. The repetitive domains 
consist of relatively large (38—187 amino acid) repetitive elements (B or D) or an extended 
series of serine-aspartate (SD) repeats (R). The Sdr adhesins contain both forms. In the case 
of CNA, the repetitive domains serve no obvious function. In other cases, they are required 
for binding (FnBPs) or for presentation of the ligand-binding A domain (CIfA). The wall- 
spanning domain (W), membrane-spanning domain (M) and cytoplasmic tail (C) constitute 
a sorting signal that facilitates incorporation of the MSCRAMM into the S. aureus cell wall. 
The hallmark of the sorting signal is an LPXTG motif that serves as the substrate for sortase- 
mediated linkage of the MSCRAMM to cell wall peptidoglycan. Because the MSCRAMM 
becomes covalently linked to peptidoglycan, removal of LPXTG-anchored MSCRAM 
requires digestion with cell-wall lytic enzymes (e.g., lysostaphin). 


The possibility that structural variants of Map or differences in the level of map 
expression account for strain-dependent differences in the binding of at least some of 
these host proteins cannot be ruled out. 


B. Structural Characteristics of MSCRAMMs 


Most S. aureus MSCRAMMS share a number of structural characteristics (Fig. 1). The 
amino-terminus contains a relatively long (>29 amino acids) signal sequence that is 
required for sec-dependent processing. That is followed by a relatively large, non- 
repetitive region that is often responsible for the binding specificity of the MSCRAMM 
and a series of repeated domains that may be required for functional exposure of the 
ligand-binding domain or, more rarely, directly involved in binding. The carboxy- 
terminal region contains a wall-spanning domain that is either rich in prolines or contains 
a series of serine-aspartate (SD) repeats, a hydrophobic region thought to span the cell 
membrane, and a positively-charged hydrophilic tail that extends into the cytoplasm.30?8 
The carboxy-terminal domains constitute a sorting signal that characteristically includes 
an LPXTG motif at the junction of the wall and membrane-spanning domains.*°!*! The 
LPXTG motif is cleaved by a “sortase” during the process of anchoring the adhesin to the 
staphylococcal cell wall.!?! Analysis of the products released after digestion with cell 
wall lytic enzymes (e.g., lysostaphin) has confirmed that this cleavage results in a covalent 
linkage between the carboxyl group of the LPXTG threonine residue and the pentaglycine 
cross-link in the cell wall peptidoglycan.*”:!4° The elastin-binding MSCRAMM (EbpS) is 
an exception in that it does not contain an amino-terminal signal sequence or the carboxy- 
terminal sorting signal.°’ The broad-specificity Map adhesin also lacks an LPXTG motif 
and appears to remain only loosely associated with the cell surface.>*”° Additionally, 
despite the presence of an LPXTG motif, studies assessing the cellular compartment- 
alization of fusion proteins linked to sorting signals derived from different S. aureus 
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MSCRAMMSs suggest that the collagen-binding adhesin (CNA) may remain anchored in 
the cell membrane. !? The difference between CNA and LPXTG-anchored MSCRAMMs 
may be due to a reduced number of amino acids between the leucine in the LPXTG motif 
and the first positively charged amino acid in the cytoplasmic tail.!?? It should be noted, 
however, that the alternative processing of CNA is not universally accepted.*° 


C. Extracellular Binding Proteins 


In addition to the MSCRAMM adhesins, S. aureus produces at least three extracellular 
proteins that bind fibrinogen.”?* One of these is coagulase, which is responsible for the 
clotting reaction that is often used to distinguish S. aureus from other staphylococcal 
species. There is genetic evidence!” to suggest that a fibrinogen-binding protein 
designated FbpA'® is an allelic variant of the coa gene. Although it does not contain a 
carboxy-terminal hydrophobic domain or hydrophilic tail, FbpA appears to remain 
anchored to the cell wall by virtue of an LPSITG motif very similar to the consensus 
LPXTG anchoring motif.!® The observation that different strains of S. aureus encode 
either fbpA or coa!” suggests that some strains produce the cell-bound FbpA coagulase 
while others produce the extracellular form. Although the production of coagulase is the 
primary distinction used to distinguish S. aureus from the less pathogenic, coagulase- 
negative staphylococcal species, studies assessing the role of coagulase in the pathogen- 
esis of S. aureus infection have been inconclusive.*4 Interestingly, Projan and Novick! 
recently suggested that the cell-bound form of coagulase may be a more definitive 
virulence factor by virtue of its ability to promote attachment to host tissues while the 
extracellular form may be an “evolutionary misstep” that has little or no impact on the 
ability to colonize the host. With that in mind, it is perhaps worth noting that the fbpA 
gene encoding the cell-associated form appears to be relatively rare.'*> On the other hand, 
the CIfA and CIfB fibrinogen-binding MSCRAMMs are highly conserved (see below), 
which suggests that the absence of FbpA may not be phenotypically apparent. 

Boden and Flock” !° described a second 19-kDa extracellular fibrinogen-binding 
protein (Fib) that exhibits partial homology with staphylococcal coagulase. This protein 
was more recently designated Efb to clearly denote its role as an extracellular fibrinogen- 
binding protein.!5! Although a role for Efb as a virulence factor in wound infections has 
been established, its contribution to disease does not appear to involve binding host 
tissues.°+ More directly, mutation of Efb does not alter the ability of S. aureus to bind 
fibrinogen or fibronectin, and it has been suggested that it may bind soluble fibrinogen in 
a manner that delays clot formation and thereby delays wound healing.”* In contrast, a 
third extracellular fibrinogen-binding protein (Eap) was recently shown to promote the 
aggregation of S. aureus and to promote binding of the bacterium to fibroblasts and 
epithelial cells.°? Eap can bind both to itself and to S. aureus and probably facilitates 
adherence by acting as a bridging molecule between the bacterium and host tissues.”? Eap 
can also bind other plasma proteins including prothrombin and fibronectin.?? That is 
consistent with the observation that Eap is similar to the broad-specificity Map adhesin5?76 
and to a second binding protein designated p70.**!*° Because studies leading to the 
identification of Map and Eap were done using different strains of S. aureus, it is unclear 
whether they are distinct proteins or are different variants of the same protein.” 
Importantly, only 70% of Eap is exported into the extracellular environment, which 
implies that a significant proportion of the protein remains at least transiently associated 
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with the cell.°? Since Map does not contain the carboxy-terminal sorting signals 
characteristic of other S. aureus MSCRAMMs and appears to remain only loosely 
associated with the staphylococcal cell surface,>*-’° the cellular localization of Eap and 
Map cannot be used as a definitive distinguishing characteristic. 


D. Prevalence of Staphylococcal Adhesins 


The cna gene encoding the only well-defined collagen-binding MSCRAMM is present 
in approximately half of all S. aureus strains.''+!?> That is consistent with the observation 
that the ability to bind collagen is a variable characteristic.**:!!4-!3° Collagen-binding in 
coagulase-negative staphylococci has been reported but at an even lower frequency than 
in S. aureus.'!°* The epbS, clfA and clfB genes appear to be highly conserved.®*!75 All 
strains also encode at least one of the two FnBP genes (fnbA and/or fnbB).*”!2> These 
results are consistent with the observation that most S. aureus isolates bind fibronectin, 
fibrinogen and elastin. In contrast, the ability to bind laminin is a strain-dependent 
characteristic.4* Like collagen binding, the ability to bind fibronectin, fibrinogen, elastin 
and laminin is a variable characteristic of the coagulase-negative staphylococci.47°™.° 
However, it was recently demonstrated that most S. epidermidis isolates produce a 
fibrinogen-binding protein (Fbe) that contains an SD repeat region like that in the S. aureus 
Clf and Sdr MSCRAMMs.”° The Fbe and CIfA ligand-binding A domains exhibit a 
moderate degree of homology but appear to bind fibrinogen by different mechanisms as 
evidenced by the fact that S. epidermidis does not clump in the presence of soluble 
fibrinogen.” The genes encoding Map and Efb are highly conserved among clinical 
isolates of S. aureus.'*>-!>? The production of Efb appears to be limited to S. aureus.'>? 
The prevalence of the broad-specificity Eap protein has not been assessed. All S. aureus 
strains also encode at least two of the three sdr genes.>> Approximately half of all strains 
tested bind vitronectin, thrombospondin and bone sialoprotein.2°*!:!04!!! Although the 
ability to bind BSP is not highly conserved, there is some evidence to suggest that it is a 
common characteristic of strains that cause musculoskeletal infection.'!! The same 
correlation has been suggested for strains that bind collagen;*°-!3” however, the validity of 
that correlation is in dispute (see below). 

While some S. aureus MSCRAMM genes are encoded within genetic elements that are 
not present in all strains, they all appear to be encoded within the S. aureus chromosome. 
In general, the MSCRAMM genes are distributed throughout the approx 2800 kbp 
chromosome.*? The ebpS gene is located on a chromosomal fragment that corresponds to 
Smal fragment A in the prototypical phage group III strain 8325-4.!*> The c/fA and efb 
(fib) genes are both located on Smal fragment B, however, their location within this 
361 kbp fragment is unknown.!?° Although the chromosomal location of c/fB has not 
been determined, c/fA and c/fB are not closely linked and are probably transcribed as 
monocistronic mRNAs.°> However, the fnbA and fnbB genes are also expressed under the 
control of independent promoters?” but are separated by only 682 bp.*+ Although it was 
previously suggested that they map to Smal fragment F,*° more recent data indicates that 
the fnb genes are located in Smal fragment C.!?5 The fpbA and coa genes map to Smal 
fragment E, which is consistent with the suggestion that they are allelic variants of the 
same gene. !?5 The map gene is located in Smal fragment F.'*> Whether the eap gene maps 
to the same location has not been determined. The chromosomal location of the sdr locus 
is also unknown. Although the sdr genes are closely linked, they are separated by a 
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relatively large intergenic regions (see below) and are probably transcribed as 
monocistronic mRNAs.” When present, cna is located in a region of the chromosome 
corresponding to Smal fragment G.!?> The presence of cna seems to be associated with 
certain subpopulations of S. aureus. For example, all of the cna-positive strains we have 
examined have a Smal restriction pattern that is clearly distinct by comparison to phage 
group III strains.!*° Additionally, the common bacteriophage used to transduce genes 
between phage group III strains (e.g., f11) plaque poorly on cna-positive strains. Ryding 
et al!!4 demonstrated a clear although not exclusive correlation between the presence of 
cna and the production serotype 8 capsular polysaccharides. Importantly, serotypes 5 and 
8 are the two serotypes that account for the vast majority of human infection.’ 


II. BINDING OF S. AUREUS TO SPECIFIC HOST PROTEINS 


A. Collagen Binding in S. aureus 


We compared 25 strains of S. aureus and found an almost direct correlation between 
the presence of cna and the ability to bind collagen.*? The only exceptions were one strain 
that encoded but did not express cna and two heavily-encapsulated strains that expressed 
cna but bound only minimal amounts of collagen. Comparisons between capsule mutants 
and their isogenic parent strains confirmed that the failure of heavily-encapsulated strains 
to bind collagen is due to masking of the adhesin by capsular polysaccharides.** Because 
both of the exceptions involved cna-positive strains that did not bind collagen, these 
results are consistent with the hypothesis that cna encodes the primary S. aureus 
collagen-binding MSCRAMM. On the other hand, Ryding et al.!'4 examined 216 S. aureus 
isolates and found eight cna-negative strains that bound collagen. That clearly suggests 
the existence of a second collagen-binding adhesin. Because Ryding et al.!!4 did not 
define the relative levels of collagen binding observed with cna-positive and cna- 
negative strains, it is difficult to assess the contribution of this alternative adhesin relative 
to CNA. It was noted, however, that four of the cna-negative strains bound collagen at 
levels barely above what was defined as the background level of their assay. Based on 
that, it was suggested that the broad-specificity Map adhesin might be responsible for this 
binding.!!4 The more pertinent question is whether this low level binding contributes to 
the colonization of host tissues. Studies in which the adherence of S. aureus to a 
collagen-coated substrate was assessed under shear forces similar to those observed in 
the blood showed a clear correlation between the presence of CNA and the ability to 
adhere to immobilized collagen.6883-1 Moreover, a recombinant fragment correspond- 
ing to the CNA ligand-binding A domain, as well as antibodies directed against the 
recombinant fragment, inhibits the adherence of S. aureus.** Because collagen is not found 
as a soluble protein in vivo, these results suggest that the cna-encoded adhesin is the only 
S. aureus MSCRAMM that facilitates collagen binding under physiologically-relevant 
circumstances. 

CNA is among the most extensively characterized of all S. aureus 
MSCRAMMs.”:!01,108.133,134 The amino-terminal signal sequence is followed by a 55-kDa 
A domain and a 187 amino acid B domain that may be repeated up to four times.*4 The 
carboxy-terminal sorting signal includes a 64 amino acid wall-spanning domain rich in 
lysine and proline residues. '!*4 The molecular weight of the CNA adhesin ranges from 85 
to 160 kDa depending on the number of B domains.!*? Within the 55-kDa A domain, the 
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collagen-binding domain (CBD) has been localized to a 19-kDa region that spans amino 
acids 151 through 318.9? The region between residues 209 and 233 appears to be 
particularly important.!°! The 19 kDa region binds at least eight sites on the type II 
collagen triple helix.?? The crystal structure of the 19-kDa CBD has been determined and 
appears to consist of a “jelly roll” composed of two anti-parallel B-sheets and two short &- 
helices.'*+ One of the B-sheets forms a trench that accommodates the collagen triple 
helix.*°!34 This model is consistent with mutational analysis demonstrating that alteration 
of amino acids within this region results in a reduced ability to bind collagen.!°! 
Additionally, synthetic peptides corresponding to the 19-kDa CBD are capable of 
blocking collagen binding.*?!°! However, the fact that the full-length A domain binds 
collagen more specifically and with higher affinity than the 19-kDa CBD suggests that 
amino acids within the 55-kDa A domain, but outside the 19-kDa CBD, contribute to the 
conformation of the CBD in the intact adhesin molecule.*” 

The presence or absence of a B domain does not appear to have any impact on the 
conformational integrity of the ligand-binding A domain.!® Rich et al.!°° demonstrated 
that the CNA adhesin has a mosaic architecture in that the A and B domains fold 
independently of each other. Additionally, the B domains are not required for processing 
of the collagen adhesin to the cell surface or exposure of the A domain after the adhesin is 
incorporated into the cell envelope.!*? In contrast, the repetitive domains of other 
MSCRAMM adhesins are either required for functional exposure of the ligand-binding 
domain ** or are directly responsible for binding.*° The apparent dispensability of the B 
domains seems odd given the fact that the B domains are very large (187 amino acids) and 
may be repeated up to four times.** Also, all recognized CNA variants include at least one 
B domain. Nevertheless, it seems clear that any function attributable to the B domains 
must either be unrelated to collagen binding or related to collagen binding only under 
certain circumstances. The B domains do have some similarity with the B domains of the 
Sdr MSCRAMMs although the significance of that observation is unknown.» Individual 
B domains also have some similarity with at least three streptococcal fibronectin proteins; 
however, neither the presence of a B domain or the number of B domains has any impact 
on the ability to bind fibronectin.!*? The possibility that multiple B domains might extend 
the ligand-binding A domain away from the cell surface and thereby allow the bacterium 
to overcome the inhibitory effects of the capsule has also been investigated.*? However, 
we were unable to demonstrate any circumstance in which multiple B domains were 
associated with an enhanced capacity to bind collagen.!?? It should be noted that the strains 
in which the capsular inhibition of CNA was observed are heavily-encapsulated 
stereotype | and 2 strains that are not representative of the microencapsulated serotype 5 
and 8 strains responsible for most human infections.’ It is therefore possible that the 
capsular masking observed in these strains is not a biologically relevant phenomenon. 
Indeed, we could not demonstrate significant inhibition when we introduced even the 
smallest CNA variant into serotype 5 and 8 strains.*? 

Because it is not produced by all S. aureus strains, the CNA MSCRAMM is a less 
attractive therapeutic target than other, more highly conserved MSCRAMMs. On the other 
hand, CNA is present on the surface of S. aureus cells growing in bone,’ and infection 
with a cna-positive strain elicits an anti-CNA antibody response.!!? These observations 
confirm that CNA is expressed in vivo during the course of S. aureus infection. 
Additionally, Nilsson et al.8? demonstrated that active immunization with recombinant 
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CNA and passive immunization with CNA-specific antibodies protected mice against in- 
travenous challenge with S. aureus. These results support the hypothesis that CNA is a 
valid candidate for inclusion in a vaccine directed toward S. aureus MSCRAMMs. 
Moreover, while the ability to bind collagen is relatively rare, there are reports suggesting 
that it is a conserved characteristic of strains that cause bone and joint infection.*° 132.149 
The suggestion that a rare phenotype is conserved among strains that cause a specific kind 
of infection clearly implies that the phenotype is an important virulence factor in the 
pathogenesis of the infection. Support for that hypothesis comes from studies 
demonstrating that S. aureus binds directly to collagen fibrils in cartilage!*? and that the 
CNA adhesin is both necessary and sufficient for this binding.!°* On the other hand, there 
are conflicting reports that cast doubt on the correlation between collagen binding and 
musculoskeletal disease. Specifically, several studies have concluded that the ability to 
bind collagen is no more prominent among isolates from patients with bone and joint 
infection than it is among isolates from patients with other forms of staphylococcal 
disease. !!3-114.136 That implies that collagen binding is not a necessary prerequisite of 
musculoskeletal infection, however, it should be emphasized that survey studies 
attempting to correlate collagen binding with etiology are complicated by a number of 
factors, not the least of which are the basis used to define etiology and the methods used 
to define collagen binding. For instance, Ryding et al.!!? found that some strains 
agglutinated in the presence of collagen-coated latex beads but did not bind collagen in an 
assay using soluble !**I-labeled collagen. These results are surprising since agglutination 
is generally the least sensitive of the two assays. The same authors also found that the 
serum of patients infected with S. aureus strains that were negative in !**I-collagen 
binding assays had anti-CNA antibody. These results suggest that some strains that bind 
collagen in vivo may not bind collagen when assayed in vitro. 

Clearly, the more direct approach to defining the correlation between collagen binding 
and musculoskeletal disease is to compare cna-positive wild-type strains with isogenic 
mutants in which the ability to bind collagen has been specifically eliminated. Indeed, a 
mutant in which the cna gene was inactivated by allele replacement was less virulent than 
its isogenic parent strain in animal models of staphylococcal septic arthritis!°? and 
endocarditis.*4 Additionally, the introduction of cna into a cna-negative strain enhanced 
virulence in the septic arthritis model.!°° While that clearly indicates that CNA is an 
important contributing factor in the pathogenesis of musculoskeletal disease, it should be 
noted that these studies are limited to a single strain (Phillips) and that mutation of cna in 
that strain appears to have a pleiotropic effect that also results in a reduced capacity to 
bind fibronectin.“ The basis for this is unclear. While the cna mutant produced a reduced 
amount of cell-associated FnBPs and had a reduced ability to aggregate in the presence of 
soluble fibronectin, its ability to bind immobilized fibronectin was not altered.*34 The 
fact that the reduced amount of FnBPs produced by the mutant did not limit its adherence 
to immobilized fibronectin suggests that its ability to bind ECM proteins was not altered 
in any respect other than the ability to bind collagen. Nevertheless, the reduced 
production of FnBPs is difficult to explain. The possibility that cna is linked to a 
regulatory element that modulates expression of the fnb genes can be discounted since 
cna is encoded within a discrete genetic element that extends only 202 bp upstream of the 
cna start codon and 100 bp downstream of the cna stop codon.*4 This element does not 
include any open-reading frames other than cna and its presence does not disrupt an 
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open-reading frame present in strains that do not encode cna.** The possibility that the 
insertional inactivation of cna has a polar effect on a downstream regulatory element also 
seems unlikely since the gene immediately downstream of cna (pcp) is separated from 
cna by a 740 bp intergenic region and is transcribed in the opposite direction.!% It is 
possible that the absence of cna somehow alters the cell surface in a fashion that 
negatively impacts on processing and exposure of the FnBPs. However, among S. aureus 
clinical isolates, there is no obvious correlation between the presence or absence of cna 
and the ability to bind fibronectin.*? Taken together, these results suggest that the only 
consistent difference between cna-positive and cna-negative strains is the ability to bind 
collagen. That supports the hypothesis that the reduced virulence observed in cna mutants 
is, in fact, due to the inability to bind collagen. Nevertheless, confirmation of that 
hypothesis will require the analysis of additional cna mutants in appropriate animal 
models of staphylococcal disease. 


B. Fibronectin Binding in S. aureus 


Unlike collagen binding, the ability to bind fibronectin is a highly conserved 
characteristic of S. aureus.” It is a function of two MSCRAMM adhesins encoded by 
closely linked but independently expressed genes designated fnbA and fnbB.*777>4 Most 
strains appear to express both genes, and expression of either gene is sufficient to confer 
a level of fibronectin binding comparable to that observed in those strains that encode and 
express both genes.*” The fnbA and fnbB genes are very similar and presumably arose by 
gene duplication.*4 The corresponding MSCRAMMs (FnBPA and FnBPB) contain a 
36 amino acid signal sequence followed by a relatively dissimilar nonrepetitive A 
domain.™ In FnBPA, the A domain is followed by a pair of 30 amino acid repeats desig- 
nated the B domain.”’ The primary difference between the FnBPA and FnBPB 
MSCRAMMs is that the latter lacks the repetitive B domains.*+ The remainder of the 
FnBPA and FnBPB adhesins is very similar and consists of 1) a second, 140 amino acid 
nonrepetitive region (C), 2) a series of 38 amino acid domains that are repeated three 
times in their entirety (D1-D3) and partially a fourth time (D4), and 3) a highly conserved 
sorting signal. The defining characteristic of the sorting signal is a proline-rich, wall- 
spanning domain that contains either four (FnBPB) or five (FnBPA) 14 amino acid repeats 
and a 45 amino acid nonrepetitive region that includes the LPETG anchoring motif (Table 1). 

The FnBPs are unique by comparison to other S. aureus MSCRAMMs in that the 
ligand-binding domain is not contained within the nonrepetitive A or C domains. Rather, 
the ligand-binding domains have been localized to the repetitive D domains located 
immediately adjacent to the wall-spanning domain.!*+ Although each individual D 
domain is capable of binding fibronectin, the combined D1-D3 region exhibits much 
higher binding affinity.4878106 Also, the individual D domains are not equally efficient 
either with respect to binding fibronectin or inhibiting the interaction between S. aureus 
and fibronectin. !06-1?4 McGavin et al.’® suggested that the interaction between the FnBPs 
and fibronectin was dependent on an EEDT motif that occurs once in D1 and D2 and 
twice in D3. The suggestion that the EEDT motif plays a pivotal role is consistent with the 
observation that a peptide corresponding to the D3 region is the most efficient inhibitor of 
the interaction between S. aureus and fibronectin.” However, amino acids flanking the 
EEDT motif are also important, presumably because they alter the conformation of the D 
domain in a manner that optimizes the interaction between the EEDT motif and 
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fibronectin.’® Sun et al.!3! confirmed that a distinct motif [GG(X3.4)(I/V)DF] located 
within the carboxy-terminal 20 amino acids of each D domain also plays a critical role. 13! 
Comparisons between the FnBPs produced by various Gram-positive bacteria suggest 
that the peptide sequence EEDT(Xo.,9)GG(X3.4)(/V)DF represents a consensus 
fibronectin-binding domain.*°>*-”7 In the S. aureus FnBPs, this motif is located in the 
carboxy-terminal half of each D domain®”48-78 and preferentially binds the 29-kDa amino- 
terminal region of fibronectin.*! Binding involves all five of the repeated type I modules 
in the fibronectin molecule although there is evidence to suggest that the binding domains 
do not interact equally with all modules.**!*° Specifically, there is an apparent preference 
for type I modules 4 and 5.485! However, a recent report confirmed the presence of an 
additional FnBPA binding domain that is located in the amino-terminal half of the D3 
domain and appears to interact preferentially with type I module pairs 1-2 and 2-3.5! 
Although it has not been clearly defined, there is also evidence to suggest the existence of 
a fibronectin-binding domain located outside the D repeat region.>! 

The FnBPs are highly conserved and appear to contribute to various forms of 
staphylococcal disease (see below). Because their contribution to virulence presumably 
involves the ability to attach to host tissues and/or fibronectin-coated biomaterials, a 
number of studies have addressed the possibility of inhibiting the FnBP-mediated 
attachment of S. aureus using either peptide analogs of the ligand-binding D domains or 
specific, anti-FnBP antibodies. Signas et al.'*4 demonstrated that individual D domains 
were capable of inhibiting the interaction between S. aureus and soluble fibronectin. 
Although the degree of inhibition was not significantly enhanced when all three 
full-length D domains were mixed in an equimolar ratio, a fusion protein containing all 
three D repeats and most of the wall-spanning region was far more inhibitory.!*+ Similar 
results were obtained when the inhibition to plasma clots formed in vitro was assessed. !°° 
However, there was no appreciable difference between the inhibition observed with 
individual D domains and with the fusion protein when activity was assessed as a function 
of the attachment of S. aureus to fibronectin-coated microtiter plates.'° These results 
imply that soluble fibronectin and fibronectin incorporated into blood clots and/or the 
extracellular matrix may be conformationally different and that the binding of S. aureus 
to each form of fibronectin probably involves distinct interactions between the ligand and 
the FnBP D domains. 

Attempts to generate antibodies that block the interaction between the S. aureus FnBPs 
and fibronectin have met with limited success.” Sun et al.!3! immunized rabbits with a 
recombinant D1-D3 fragment and with a glutathione S-transferase fusion protein 
containing the D1-D3 fragment. Antibodies purified from the D1-D3 immunized rabbits 
did not inhibit fibronectin binding, apparently because the antibody response was directed 
primarily toward the amino-terminal region of each D domain rather than the carboxy- 
terminal region that contains the primary ligand-binding site.!?! Antibodies generated 
with the fusion protein were more effective but were not completely inhibitory because 
the antibody response was directed preferentially toward residues in the D1 and D2 
repeats rather than the functionally-dominant D3 domain.!3! Using synthetic peptides 
corresponding to specific regions of the D1 and D3 domains, it was possible to generate 
antibodies that were relatively effective inhibitors. However, these antibodies failed to 
achieve complete inhibition of fibronectin binding even when they were used in 
combination with each other.!3! In contrast, Brennan et al.!! recently reported that 
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immunization with truncated or full-length forms of the D2 domain exposed on the 
surface of cowpea mosaic virus or rod-shaped potato virus X elicited antibodies that could 
both block fibronectin binding and inhibit attachment of S. aureus to a fibronectin-coated 
surface. Because the truncated D2 domain was not capable of binding fibronectin in vitro, 
these results suggest that folding or presentation of the fibronectin-binding domain in 
vivo may be critical for the development of blocking antibodies. That is consistent with 
the observation that the ligand-binding D domains have little secondary structure in the 
absence of fibronectin, which induces a conformational shift to a structure dominated by 
B-sheets.*” Casolini et al.!? subsequently demonstrated that the sera of patients with 
staphylococcal infection contain antibodies that recognize epitopes that are present in the 
fibronectin-FnBP complex but are absent in the unbound FnBPs.'* These epitopes have 
been referred to as ligand-induced binding sites or LIBS.'?°° The presence of antibodies 
that recognize LIBS epitopes clearly indicates that the S. aureus FnBPs are expressed in 
vivo and that they bind fibronectin sometime during the course of infection. 

Fibronectin is a large glycoprotein found in soluble form in plasma and other body 
fluids and in a less soluble form in the extracellular matrix. Fibronectin promotes clot 
formation and wound healing by binding to fibrin clots and promoting the adherence of 
platelets and fibroblasts to sites of inflammation. The binding of soluble fibronectin could 
provide the bacterium with a means to escape immune recognition or, based on the 
interaction between bound fibronectin and other host proteins found within the 
extracellular matrix, could serve as a bridge between the bacterium and host tissues. ! 
The ability to bind fibronectin present in the extracellular matrix or deposited on the 
surface of an in-dwelling medical device has obvious implications.'* Indeed, Scheld et 
al.!!° reported a correlation between the ability to bind fibronectin and the propensity to 
cause endocarditis. Kuypers and Proctor®™ subsequently confirmed that S. aureus mutants 
with a reduced capacity to bind fibronectin also have a reduced capacity to cause 
endocarditis. Electron microscopic studies indicate that fibronectin is distributed evenly 
over the surface of S. aureus cells in suspension but is localized to the interface between 
S. aureus and endothelial cells when the two are mixed in culture.!44 On the other hand, 
Flock et al.?8 could not confirm a critical role for fibronectin binding in the pathogenesis 
of catheter-induced endocarditis. These contradictory results emphasize the complex 
nature of the interaction between S. aureus and ECM proteins and strongly suggest that 
any effective anti-adherence strategy will probably require a multivalent approach 
targeting a number of S. aureus adhesins. 


C. Fibrinogen Binding in S. aureus 


S. aureus also encodes at least two fibrinogen binding MSCRAMMs.*® Because 
they promote the clumping of S. aureus in the presence of soluble fibrinogen, these 
MSCRAMMSs are referred to as clumping factor A (CIfA) and clumping factor B 
(CIfB).’+88 CIfA and CIfB are structurally similar in that both contain a 39 amino acid 
signal sequence, a ligand-binding A domain, a region of SD repeats (R) and a highly- 
conserved carboxy-terminal sorting signal (Table 1). The SD repeats are encoded by a 
repeated 18 bp consensus sequence (GAYTCN GAYTCN GAYAGY where Y 
corresponds to either of the pyrimidines and N corresponds to any nucleotide).** The 
overall size of the R region in CIfA varies from 193 to 440 amino acids.” The observation 
that the R region diverges from the consensus sequence in the outermost repeats is 


Staphylococcal Adhesins 425 


consistent with the hypothesis that variations in the length of the R region have arisen by 
intragenic recombination.” Nevertheless, the c/fA genes encoded by individual strains of 
S. aureus appear to be stable.” Comparison of strains producing different CIfA variants 
indicate that the length of the R region is not correlated to the ability to clump in the 
presence of soluble fibrinogen.’* However, there is a minimum size since artificially- 
constructed strains containing fewer than 80 R region amino acids are defective both with 
respect to clumping in the presence of soluble fibrinogen and adherence to fibrinogen- 
coated surfaces.38 Because the ability to form clumps was more drastically reduced than 
the ability to adhere to immobilized fibrinogen,’ it was suggested that an extended R 
region may confer enough flexibility on the CIfA molecule to facilitate the interaction 
with multiple fibrinogen molecules.** Also, the observation that the shortest, naturally- 
occurring R region contains over twice the minimum number of SD repeats has led to the 
suggestion that an extended R domain may be required to project the ligand-binding A 
domain away from the cell surface and facilitate its exposure in the presence of capsular 
polysaccharides and/or other surface proteins.*® 

Unlike the FnBP ligand-binding domains, the ligand-binding A domains of CIfA and 
CIfB are very dissimilar (~26% identity). In fact, the only conserved characteristic is a 
TYTFTDYVD motif that is also present in the Sdr adhesins (see below) and the 
S. epidermidis Fbe fibrinogen-binding protein.>> The function of the TYTFTDY VD motif 
is unknown. In fact, the dissimilarity between other regions of the CIfA and CIfB A 
domains is consistent with the observation that these MSCRAMMs do not bind the same 
region of the fibrinogen molecule. Specifically, the A domain of CIfA binds the 
fibrinogen y chains while the A domain of CIfB binds sites in the a and B chains.’>°8 CIFA 
binds two different sites in the fibrinogen y chains by a mechanism similar to two 
different mammalian integrins.’>'!'7 One of these involves the same carboxy-terminal 
residues that serve as the recognition site for the platelet integrin ©, ppB3.3%5875:88:117 The 
other is the recognition site for the leucocyte integrin ®MB,.! Recognition of the 0, ;,33 
site involves an EF-hand motif while recognition of the ®MB, site involves a metal ion 
dependent adhesion site or MIDAS motif.88 ClfB has a MIDAS motif (DXSXS) but con- 
tains only a partial EF hand.*® Nevertheless, the interaction between CIfA and CIfB and 
their respective target sites on the fibrinogen molecule is regulated by Catt and Mn++ 
cations.*® Specifically, the interaction between the CIfA ligand-binding A domains and 
the carboxy terminus of fibrinogen y chains is progressively inhibited at Ca** 
concentrations in the 1-10 mM range.” The interaction between the CIfB ligand-binding 
A domain and its o and B chain targets is inhibited at even lower concentrations.*® Since 
these concentrations approximate those observed in vivo, it has been suggested that the 
differential, calcium-responsive nature of the two adhesins may allow S. aureus to 
maintain a certain proportion of unoccupied fibrinogen receptors.8* Presumably, these 
unoccupied receptors facilitate binding of the bacterium to blood clots and/or fibrinogen 
deposited on the surface of biomaterials even in the presence of soluble fibrinogen. 

Soluble fibrinogen promotes the adherence of S. aureus to human endothelial cells, 
presumably by acting as a bridge between the bacterium and receptors present on the 
surface of the target cells.!’ Fibrinogen also promotes the adherence of S. aureus to 
keratinocytes and to the horny layer of the skin.*7*! S. aureus also induces platelet 
aggregation via a fibrinogen-dependent mechanism.> The observation that a recombinant 
form of the CIfA ligand-binding A domain inhibits platelet aggregation clearly implies 
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that CIfA is more important the CIfB in that regard.” CIfA has also been shown to 
facilitate the adherence to immobilized fibrinogen deposited on the surface of implanted 
medical devices. !®4?-!46.!48 Mutation of c/fA results in a reduced capacity to adhere to 
platelet/fibrin clots and a reduced capacity to cause endocarditis.*4 

While comparison of c/fA and c/fB mutants has confirmed that CIfB can promote cell 
clumping and the adherence to immobilized fibrinogen even in the absence of CIfA, the 
contribution made by CIfB appears to be minor by comparison to CIfA.88 The most direct 
evidence for that is the observation that c/fA mutants clump less efficiently and have a 
reduced capacity to bind immobilized fibrinogen despite the presence of an intact c/fB 
gene. However, the production of two fibrinogen-binding proteins may also reflect the 
fundamental nature of the need to bind fibrinogen. For instance, in vitro studies have 
demonstrated that c/fB is expressed during the early exponential growth phase while c/fA 
is expressed preferentially (but not exclusively) during the post-exponential growth 
phase.®*:!>4 This differential regulation could provide the bacterium with a means to bind 
fibrinogen even when it is growing under conditions that do not warrant expression of one 
or the other clf gene. Alternatively, since expression of c/fA is not limited to the 
post-exponential growth phase,!*4 ClfA and CIfB are presumably produced 
simultaneously at least under some circumstances. In that case, CIfA and CIfB may act 
synergistically to promote adherence to thrombi even under the shear forces present in the 
bloodstream. Indeed, Dickenson et al.” demonstrated that c/fA, coa double mutants were 
not displaced from a fibrinogen-coated surface even under shear forces simulating blood 
flow. An equally attractive hypothesis is that the production of two different fibrinogen- 
binding adhesins allows the bacterium to adhere to fibrin clots even in the presence of 
antibodies that block the activity of one of the adhesins.°* However, the ClfB MSCRAMM 
was discovered relatively recently*’, and the definitive assessment of the relative 
contribution of the CIfA and CIfB adhesins to the colonization of host tissues and/or 
biomaterials will have to await a more detailed comparison of c/fA and c/fB mutants. 


D. The Sdr Adhesins 


The Sdr proteins were recently identified based on the presence of a serine-aspartate 
repeat (Sdr) region like that present in CIfA and CIfB.5 At present, it can only be 
assumed that they qualify as MSCRAMMs because their binding specificity, or whether 
they bind any host protein at all, has not been established. The sdr locus consists of three 
open-reading frames (ORFs) designated sdrC, sdrD and sdrE.*° These ORFs encode 947, 
1,315 and 1,166 amino acids respectively. Each Sdr has an N-terminal signal sequence 
containing 50 to 52 amino acids followed by a nonrepetitive region (A) containing 
between 445 and 554 amino acids." They are distinguished from CIfA and CIfB by the 
presence of repeated domains (B) located between the ligand-binding A domain and the R 
region SD repeats. The B domains contain 110 to 113 amino acids and are repeated two, 
five and three times in SdrC, SdrD and SdrE respectively (Table 1). The SD repeats vary 
from 132 to 170 amino acids. The carboxy-terminal sorting signal in the Sdr proteins 
contains an LPXTG motif and is otherwise similar to the sorting signal in other S. aureus 
MSCRAMM adhesins.» The sdr genes are separated by relatively large intergenic regions 
(sdrC and sdrD are separated by 369 bp while sdrD and sdrE are separated by 397 bp) and 
are probably transcribed as monocistronic mRNAs. The regions upstream and downstream 
of each sdr gene are very similar suggesting that expression of all three genes is regulated 
in a similar fashion.>> 
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What are presumed to be the ligand-binding A domains of the Sdr proteins are 
dissimilar both with respect to each other and with respect to the A domains of CIfA and 
CIfB.55 In fact, the only common characteristic is the TYTFTDYVD motif that is 
conserved at eight of nine amino acids in at least four of the five proteins.*? The MIDAS 
motifs found in the ligand-binding A domains of CIfA and CIfB are not present in any of 
the Sdr adhesins.°> Because the degree of dissimilarity between the Sdr proteins and 
between the Sdr proteins and the Clf proteins is similar to the degree of dissimilarity 
between CIfA and CIfB,*° it is not possible to speculate whether the Sdr MSCRAMMs 
bind different host proteins or different regions of the same protein. Also, by analogy with 
the FnBPs, which contain carboxy-terminal repetitive domains that are responsible for 
binding the host ligand, it is certainly possible that the Sdr B domains are the ligand- 
binding domains. However, the B domain repeats in the Sdr proteins also exhibit a 
surprising degree of dissimilarity. The exception are the B domains immediately adjacent 
to the R region, which are 95-96% identical.°> Also, all adjacent B domains are separated 
by a proline residue that is absent in the junction between the carboxy-terminal B domain 
and the R region. Based on these distinctions, it has been suggested that the presence of at 
least one B domain of each type may be required for functional expression of the Sdr 
proteins.>° That would imply that SdrC, which contains only two B domains, represents 
the functional minimum for the Sdr adhesins. All B domains contain a conserved, 29 
amino acid EF-hand motif that is also present in CIfA.5574 In SdrD, the five B domains 
contain 14 Ca?*-binding sites that fall into one of two classes based on their relative 
binding affinities.’ Binding of calcium converts the B domains from a molten, 
unstructured state to a compact globular form.5556 Since the overall binding affinity is 
very high, the Sdr B domains are presumably fully occupied in vivo.*°® It is therefore 
unlikely that the function of the Sdr proteins is modulated by calcium availability in vivo.>> 
The fact that the EF hand in CIfA is within the ligand-binding A domain is also consistent 
with the suggestion that the Sdr B domains may have a ligand-binding function. 
Alternatively, the B domains may be required for surface display of the Sdr adhesins.5556 
The possibility that the B domains modulate the distance between region A and the 
bacterial cell surface*® is an attractive hypothesis since the R regions in the Sdr proteins 
are smaller than the smallest R region in CIFA.” However, the R region in all three Sdr 
proteins is larger than the apparent minimum required for optimal CIfA function.*® 


E. Elastin Binding in S. aureus 


Although the level of binding varies, the ability to bind elastin appears to be a 
conserved characteristic of S. aureus.°° Some coagulase-negative staphylococci also bind 
elastin.’ The ability to bind elastin may facilitate the entry and exit of S. aureus from the 
vasculature, particularly since the bacterium also produces an elastase.!°° Elastin binding 
is mediated by a 25-kDa protein (EbpS) that does not contain an amino-terminal signal 
sequence, the carboxy-terminal sorting signals, or any of the repetitive domains 
characteristic of other S. aureus MSCRAMMs.”’ Importantly, the predicted size of EbpS 
based on nucleotide sequence (23 kDa) corresponds well with the size of the protein as 
determined by mass spectrometry (25 kDa) but not with the size of the protein as 
determined by Western blot of cell lysates (40 kDa).°’ The 40-kDa protein appears to 
represent an anomalous migration pattern rather than a dimer of the 25-kDa protein.” 
Nevertheless, it has been suggested that the larger form is an intracellular precursor while 
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the smaller is the final, surface-exposed form of the adhesin.’ Because both forms have 
an identical amino-terminal sequence, processing of the adhesin must involve 
modifications to the carboxy terminus, perhaps by virtue of a unique but not 
unprecedented carboxy-terminal signal sequence.’ However, because the size of the 
protein observed in Western blots appears to reflect a migration artifact rather than the 
actual size of an intracellular precursor, the modification is presumably less drastic than 
the difference in molecular weights would suggest. The lack of an amino-terminal signal 
sequence is also consistent with the observation that the elastin-binding motif consists of 
a hexameric sequence (TNSHQD) located in the extreme amino-terminal region of 
EbpS.?> Binding must also be dependent on amino acids flanking this motif since a 
synthetic TNSHQD peptide does not inhibit elastin binding.” EbpS binds a target in the 
amino terminus of the elastin molecule.° The role of EbpS in the colonization of host 
tissues has not been defined, however, the observation that elastin is present in most 
mammalian tissues and is particularly abundant in the skin suggests that elastin binding 
may contribute both to the ability of S. aureus to persist as a commensal bacterium and to 
its ability to invade to deeper tissues. 


F. Interaction of S. aureus with Host Cells 


S. aureus is considered a prototypical extracellular pathogen. Based on the preceding 
discussion, it is evident that its role as an extracellular pathogen is facilitated by its ability 
to bind host proteins present in plasma and in the extracellular matrix. However, S. aureus 
is also capable of directly binding a variety of host cells including endothelial and 
epithelial cells, osteoblasts and keratinocytes.®>°8!82 Tompkins et al.!°8 demonstrated that 
the ability to bind endothelial cells was associated with the enhanced expression of four 
surface proteins, one of which appeared to correspond to protein A. Conversely, 
endothelial cells produce a 50-kDa membrane protein that specifically mediates the 
binding of S. aureus.'3° Subsequent studies have demonstrated that the interaction 
between S. aureus and host cells often results in internalization of the bacterium. 
Specifically, internalization of S. aureus has been confirmed using human endothelial 
cells,8* bovine mammary epithelial cells? and osteoblasts.°°!©” There is some evidence to 
suggest that internalization requires de novo protein synthesis in the host cell but not in the 
bacterium.*? Internalized S. aureus exists both within membrane-bound vacuoles and free 
in the cytoplasm.°*? Bacteria remain viable for at least 72 h.8? The end result of invasion is 
the induction of programmed cell death (apoptosis), which may provide the bacterium 
with a means by which it can persist in the host without inducing an acute inflammatory 
response.°* It may also help the bacterium avoid immune recognition and exposure to 
antimicrobial agents. Although some S. aureus exoproteins can induce apoptotic death, 
several studies have confirmed that the induction of apoptosis by intact S. aureus cells is 
dependent on internalization.®!° For example, Menzies and Kourteva8? demonstrated that 
UV-killed bacteria could attach to endothelial cells but that attachment did not induce 
apoptosis. The analysis of adhesin mutants indicates that several MSCRAMMs promote 
the binding of host cells*! but only the FnBPs are required for internalization.*° The fact 
that the D3 fibronectin-binding domain and soluble fibronectin are capable of inhibiting 
internalization emphasizes the specificity of this interaction.*° Moreover, the observation 
that fibronectin inhibits rather than promotes binding suggests that the S. aureus FnBPs 
bind directly to host cells rather than indirectly via a fibronectin bridge.” 
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G. Regulation of S. aureus MSCRAMMs 


The virulence factors of S. aureus can be categorized into those that remain exposed on 
the cell surface and those that exported into the extracellular environment. In vitro, the 
two groups are coordinately and inversely regulated, with the extracellular virulence 
factors being produced at the expense of surface proteins as cultures enter the post- 
exponential growth phase.!® It has been suggested that the regulatory events observed in 
vitro have an in vivo corollary that corresponds to before and after abscess formation.! 
More directly, the corollary suggests that S. aureus produces its array of surface proteins 
early during the course of infection when the most important considerations are avoiding 
host defenses and colonizing an appropriate tissue. The extracellular virulence factors are 
turned on only after growth in the localized environment of an abscess results in limited 
nutrient availability and the need to invade adjacent tissues. This scenario implies that the 
MSCRAMMs would be expressed during the early stages of infection, which should 
translate to the exponential phase of in vitro growth. While that is the case with the 
FnBPs,’?!° CNA®3> and CIfB,®° c/fA is expressed preferentially during the post- 
exponential growth phase.!>4 One interpretation of this apparent inconsistency is that the 
differential production of the Clf MSCRAMMs may allow S. aureus to bind fibrinogen 
under a more diverse set of environmental conditions. The need to produce the 
MSCRAMMs during the early stages of infection is somewhat intuitive. However, it may 
also be important to turn these genes off and to remove them from the cell surface as a 
means of avoiding immune recognition. Indeed, it could be argued that their protease 
sensitivity (see below) reflects that need. 

The primary regulatory system controlling expression of S. aureus virulence factors is 
the accessory gene regulator (agr), which encodes a two-component quorum sensing 
system that responds to the accumulation of an octapeptide pheromone and modulates the 
transition between expression of surface proteins and expression of extracellular toxins 
and enzymes.!° Optimal expression of agr is also dependent on a DNA-binding protein 
(SarA) encoded within a second locus called the staphylococcal accessory regulator or 
sar.?!.22.85 While mutation of agr results in over-expression of protein A and the 
fibronectin-binding proteins,!°> it has little impact on transcription of clfA!>4 or cna.??35 
In the case of cna, SarA appears to modulate transcription directly by binding cis 
elements upstream of the cna structural gene and repressing transcription.’ The sar locus 
also affects production of MSCRAMMs via an indirect mechanism arising from its 
impact on the production of several proteases. Specifically, Chan and Foster!* 
demonstrated that SarA is a repressor of several proteases including V8 serine protease. 
McGavin et al.” subsequently demonstrated that the FnBPs are particularly sensitive to 
V8 protease degradation. That is consistent with the observation that sar mutants have a 
reduced capacity to bind fibronectin.!? CIfB also appears to be particularly sensitive to 
protease degradation. In fact, CIfB cannot be detected on the surface of S. aureus cells 
after the exponential growth phase.®* Although certain MSCRAMMS (e.g., CNA) appear 
to be more stable,*> the observation that it has been difficult to confirm the size of several 
S. aureus MSCRAMMSs because they are often found in cell lysates in multiple forms that 
include protease-degraded fragments?!37>+88 supports the hypothesis that protease 
production makes an important contribution to S. aureus MSCRAMM function. 
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IV. METHODS FOR CHARACTERIZING THE INTERACTION 
BETWEEN S. AUREUS AND HOST TISSUES 


The methods used to characterize S. aureus MSCRAMMsSs and their interaction with 
host proteins are not unique and are eloquently addressed elsewhere in this book. For that 
reason, this section will focus on those methods that pertain specifically to the study of 
the staphylococci. 


A. Growth of S. aureus 


S. aureus is typically grown in complex nutrient media like tryptic soy or brain-heart 
infusion broth. A chemically-defined medium has been described.!** The staphylococci 
are facultative anaerobes but are generally grown under aerobic conditions. Under such 
conditions, S. aureus grows rapidly and reaches the postexponential growth phase within 
a matter of hours. Because the interaction of S. aureus with host cells!** and with different 
matrix proteins (see above) is growth-phase dependent, it is imperative that a standard 
growth curve be established and that any results be reported in the context of that growth 
curve. For example, CIfB was not identified during the course of studies leading to the 
identification and characterization of CIfA because it is produced only during the early 
exponential growth phase and is rapidly degraded as cultures enter postexponential 
growth.§8 

The ability of S. aureus to adhere to plastic and to host cells also varies depending on 
growth medium. !® Krajewska-Pietrasik et al. recently demonstrated that growth in iron- 
limited medium is associated with an increased capacity to bind collagen. Because 
collagen binding was assessed by enzyme-linked immunosorbent assay (ELISA) using an 
anti-CNA antiserum, this effect was presumably mediated either by a direct effect on cna 
transcription by an indirect effect that resulted in enhanced exposure of the CNA adhesin. 
Growth on agar is also known to affect the production of several S. aureus surface 
proteins and the production of capsular polysaccharides.!567 The latter raises the 
possibility that MSCRAMM-mediated adherence of host proteins will be reduced when 
cells grown on solid media are assayed.!?° These observations clearly emphasize the need 
to consider alternative growth conditions when evaluating the ability of S. aureus to bind 
host proteins. 

The inclusion of antibiotics can also have an impact on adherence. For example, 
Vaudaux et al.'47 recently demonstrated that the introduction of mecA into the 
chromosome results in a reduced capacity to bind fibrinogen and fibronectin despite the 
fact that the production of the FnBP and Clf adhesins is unaltered. It was suggested that 
this paradox could be explained either by aberrant processing resulting in exposure of an 
inactive form of the MSCRAMM or the presence of additional surface proteins that 
interfere with the interaction between the adhesins and their ligands. Support for the latter 
hypothesis comes from the observation that some methicillin-resistant strains produce a 
230-kDa surface protein that is absent in methicillin-sensitive strains.*> The 230-kDa pro- 
tein is sensitive to plasmin degradation, and its removal is associated with an increased 
capacity to bind fibronectin, fibrinogen and IgG.* In fact, the presence of the 230-kDa 
protein has been associated with a false-negative reaction in commercial agglutination 
tests used to identify S. aureus based on its ability to bind fibrinogen and/or protein A. 
In contrast, subinhibitory levels of ciprofloxacin have been associated with an increased 
capacity to bind fibronectin in fluoroquinolone-resistant strains of S. aureus.’ Because it 
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enhances the ability to bind fibronectin, and because the ability to bind fibronectin 
contributes to the ability to colonize the host (see above), it was suggested that this 
correlation may actually be related to the emergence of fluoroquinolone-resistant strains.’ 
Whether or not that is the case, antibiotics should be used only when required to maintain 
plasmids. Chromosomal resistance markers in S. aureus are stable and do not require 
selection, however, it remains important to verify the purity of unselected broth cultures 
by plating on solid medium with and without selection at the completion of each 
experiment. Given the complex and interactive nature of S. aureus virulence factors, it is 
also important to verify that genetic manipulation did not affect any phenotype other than 
the phenotype under study. The possibility that mutation of cna has an impact on 
production of the FnBPs has already been discussed. 


B. Genetic Manipulations of S. aureus 


The “K12” of S. aureus is the phage group III strain 8325-4.'>? It was generated by 
curing the prophage from a strain (8325) known to carry at least three lysogens (f11, f12 
and f13). Because the att site for one of these phage (f13) is within the gene (Alb) 
encoding b-toxin, only the prophage-cured strain 8325-4 is hemolytic on sheep blood. !27 
Historically, 8325-4 has been identified by other designations including RN450, RN6390 
and ISP479C.%?:!7!53 It encodes fnbA, fnbB, clfA, sdrC, sdrD, ebpS, map and efb 
(fib).37>-!25 Tt does not encode sdrE>°or cna**. Greene et al.*’ has described 8325-4 
derivatives carrying mutations in fnbA and/or fnbB. Studies leading to the identification 
of ClfA, CIfB and Eap were done with S. aureus strain Newman.’*°*3 Hartford et al.38 
generated an extensive set of Newman derivatives that differ in the length of the CIFA SD 
repeat (R) region. Newman derivatives carrying mutations inactivating c/fA and/or clfB 
have also been described.8* Newman encodes all three sdr genes but does not encode 
cna.>*:!33 CNA was originally purified from S. aureus strain Cowan.'*? The gene was 
subsequently cloned from FDA574 by screening a lgt11 library with anti-CNA 
antibody.!* The genetic element encoding cna has been characterized and is essentially 
identical in strains encoding each of the four cna variants.*4 All four cna variants, as well 
as an artificially-constructed variant that does not contain a B domain, have also been 
cloned.!?° To date, the mutagenesis of cna has only been done in S. aureus strain Phillips, 
which encodes the cna variant with two B domains.! 

Mutation of S. aureus MSCRAMM genes has been done by random insertion of 
transposons (e.g., Tn917) and by allele replacement.*”7488:! Foster?’ has compiled a 
detailed and comprehensive summary of the specific methods used for both protocols. 
The most common approach is to use a temperature-sensitive delivery vector. The 
permissive and nonpermissive temperatures are typically 30 and 43°C respectively.”? It is 
also possible to generate chromosomal mutants using E. coli plasmids as suicide 
vectors!!® and by directed plasmid integration.’! Although both of these have the 
potential to eliminate the requirement for a selectable marker within the target gene, the 
plasmid integration approach is preferable because the plasmid can be established and 
verified in S. aureus prior to undertaking the mutagenesis experiments. In this case, a 
fragment of the target gene that is truncated at both the 5’ and 3’ ends is generated by PCR 
and then cloned into an appropriate delivery vector. Once the construct is in the desired 
strain (see below), itis grown at the permissive temperature with selection and then shifted 
to the nonpermissive temperature without selection. After at least two overnight cultures, 
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integrants are selected by plating at the nonpermissive temperature on medium containing 
appropriate antibiotics. Lowe et al.’! used this approach to successfully knockout 11 of 15 
genes identified using an in vivo expression technology (IVET) protocol. It was suggested 
that the failure to knockout the remaining four genes was due to the fact that they were 
probably essential genes rather than an inherent limitation of the mutagenesis protocol. 
The vector used in that study was pAUL-A,!!8 which is an attractive alternative because 
the same antibiotic (erythromycin) can be used for selection in both E. coli (125 ug/mL) 
and S. aureus (10 ug/mL).”! 

The two most common methods used to move genes into S. aureus are transformation 
and transduction. Natural competence has not been demonstrated in S. aureus but it can 
be transformed either by protoplast fusion or, more commonly, by electroporation.*°!)!7° 
Electrocompetent cells can be prepared by harvesting cells from early to mid-exponential 
phase cultures and washing in decreasing volumes of 500 mM ice-cold sucrose. The final 
suspension should be at least a 100-fold concentration of the original culture volume. It is 
possible to transform S. aureus directly but the frequency of transformation is very low, 
particularly when transforming with a ligation mixture. The most common alternative is 
to employ an E. coli-S. aureus shuttle vector (e.g., pLI50).!*? Whether attempting to 
transform S. aureus directly with a ligation mixture or after transforming E. coli and 
isolating plasmid DNA, it is absolutely essential to utilize the restriction-deficient strain 
RN4220 as an intermediate host.*? One of the most critical parameters in the 
electroporation of S. aureus is the immediate recovery of cells from the electroporation 
cuvette. The recovery medium we use is SMMP, which consists of equal parts of 4x 
Penassay Broth (Antibiotic Medium #3, Difco) and 2x SMM (1 M sucrose, 0.04 M maleic 
acid, 0.04 M MgCl,, pH 6.5). Other formulations include small amounts of bovine serum 
albumin.* Recovery should be continued at 37°C with gentle agitation for at least one 
hour. It is sometimes necessary to add small amounts of antibiotic (e.g., 0.5 mg/mL 
erythromycin for ermC) to the recovery medium in order to induce expression of the 
resistance markers.”? Many E. coli-S. aureus shuttle vectors were constructed using 
origins from S. aureus plasmids that replicate by the rolling-circle mechanism. Since such 
plasmids become less stable as their size increases,?! the need to include multiple 
components (e.g., resistance markers for both E. coli and S. aureus) often results in 
decreased plasmid stability. For that reason, we have found it prudent to verify plasmids 
by selection and by restriction analysis at both the E. coli and RN4220 stages. For 
example, in experiments in which we cloned each of the cna structural variants into a 
shuttle vector (pLI50) and introduced each variant into E. coli, less than 0.4% of the 
ampicillin-resistant transformants contained the intact plasmid (pLI50:cna). That 
proportion was increased to an acceptable level (~10%) by growing in minimal media at 
a reduced temperature (30°C). 

Once the appropriate constructs are verified in RN4220, they are relatively easy to 
move into the target strain either by electroporation or transduction. Transduction of 
plasmids is much more efficient than electroporation although that level of efficiency is 
not necessarily required. In our experience, the frequency of transducing a given 
chromosomal marker is on the order of 108. Unlike electroporation, transduction 
efficiency does not seem to be dependent on the use of exponentially-growing cells. In 
fact, we routinely use bacteria harvested from fresh plates and resuspended at high 
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density (>10!° colony forming units per mL) in tryptic soy broth. Transduction protocols 
take advantage of the requirement for Ca*+ to promote phage infection. Specifically, 
phages (e.g., f11, 80a) are propagated on the donor strain and then mixed with the 
recipient strain in the presence of 5 mM calcium chloride. After incubating for exactly 20 
min at 37°C, ice-cold sodium citrate is added to chelate the calcium and prevent further 
phage infection. Cells are then harvested, resuspended in 20 mM sodium citrate and plated 
on selective media containing sodium citrate.*? Transductants are screened either by 
phenotypic analysis or by PCR and then verified by Southern blot analysis using probes 
for both the selected marker and, when possible, an additional unselected chromosomal 
marker. Useful resistance genes for selection of single-copy chromosomal markers 
include ermC (erythromycin), tetK (tetracylince) and feftM (tetracyline and 
minocycline).!!® Although aminoglycoside-resistance genes have been successfully used 
to generate knockout mutants,!*!° these genes are sometimes difficult to transduce 
because the level of spontaneous mutation leading to resistance is relatively high.!!* In 
fact, we have encountered tremendous difficulty in transducing the cna mutation in 
PH100, which is marked with a gentamicin-resistance determinant,! into other cna- 
positive strains of S. aureus. Once chromosomal mutations are established, it is usually 
not necessary to maintain antibiotic selection. 

Complementation in S. aureus is most often done using plasmids. In most cases, that is 
entirely appropriate. However, all of the S. aureus MSCRAMM genes identified to date 
are encoded within the chromosome, and the possibility that the introduction of a 
chromosomal gene on a multicopy plasmid will misrepresent the situation observed in 
nature should always be considered. Also, it is sometimes difficult to extend these 
experiments to animal studies because it is difficult to maintain plasmid selection in vivo. 
A remarkably well-used alternative is the series of integration vectors developed by Chia 
Y. Lee at the University of Kansas Medical Center.®° These vectors (e.g., pCL84) take 
advantage of the site-specificity of phage insertion. Specifically, they include selectable 
markers for both E. coli and S. aureus but do not include an S. aureus replication origin. 
After cloning the target gene in E. coli, the construct is transformed into an RN4220 
derivative (CYL316) that includes a second plasmid (pYL112D19) that contains phage 
L54a integrase (int) gene. Since these vectors also include the L54a att site, the presence 
of the second plasmid drives integration of the construct into a specific target site within 
the lipase (geh) gene. Inclusion of the integrase gene within a resident plasmid rather than 
the integration vector itself greatly enhances the efficiency of integration.© This system 
therefore provides a reproducible way to introduce single-copy genes into the 
chromosome of S. aureus. The fact that the integration site is in the lipase gene also 
provides a convenient method of confirmation since integrants will be lipase-negative. 
However, if the intention is to introduce an MSCRAMM gene into the chromosome using 
this system, two things must be kept in mind. First, it is certainly possible that lipase 
contributes to pathogenesis, which means that any strains generated with this system 
would carry a potentially abrogating mutation. Indeed, one of the genes identified by 
Lowe et al.”! in their IVET selection was the geh gene that encodes lipase (aka glycerol 
ester hydrolase). Second, it is not necessarily true that the introduction of a gene into geh 
will result in wild-type transcriptional levels. Indeed, when we introduced cna into the 
geh locus of 8325-4, we observed a relatively low level of cna transcription by 
comparison to cna-positive strains.&3335 
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C. Animal Models of Staphylococcal Disease 


Several studies have attempted to assess the contribution of different MSCRAMMs to 
human infection by correlating binding phenotype with the etiology of disease or the 
prevalence of antibody in patients suffering from staphylococcal infection.!746!!3.114.136 
These studies are certainly informative, but in the end it is necessary to test any apparent 
correlation in appropriate animal models. That can be a difficult task given the 
opportunistic nature of S. aureus infection. Although obvious, it is also important to 
emphasize that all animal models are not the same. That is perhaps most evident in the 
report of Coulter et al., who used a signature-tagged mutagenesis IVET system to 
identify genes specifically induced in vivo and then compared the pool of target genes 
obtained using each of three animal models (bacteremia, abscess and wound infection). 
Only 10% (23 of 237) of the induced genes were identified in all three models. Another 63 
were identified in two of three models; however, the vast majority (151) were identified 
in only one model. To date, three different IVET systems have been applied to 
S. aureus.?+7!8° None of these have identified any of the MSCRAMM genes. However, 
there could be several explanations for that. For instance, the signature-tagged 
mutagenesis (STM) protocols**®° are functional assays (i.e., does the loss of a given 
function attenuate the bacterium with respect to survival in vivo?), and the redundancy in 
the MSCRAMMs may simply mean that mutation of any one gene does not attenuate the 
bacterium enough to facilitate its detection. In that regard, it is of some interest to note 
that, while CNA is an apparent exception to the functional redundancy of S. aureus 
MSCRAMMs, all of the [VET protocols have been done with a strain (8325-4) that does 
not encode cna. The protocol used by Lowe et al.’! avoided the problem of functional 
redundancy by more directly assessing whether a given gene is expressed in vivo. Since 
this model should allow detection of any highly expressed gene regardless of when that 
gene is expressed during the course of infection, the failure to detect MSCRAMM genes 
would suggest that these genes are not strongly induced in vivo at least by comparison to 
other genes. Nevertheless, the more direct method of comparing wild-type strains with 
their isogenic MSCRAMM mutants clearly suggests that the MSCRAMMs make an 
important contribution to at least some forms of staphylococcal disease. Included among 
the models used to assess that contribution are animal models of wound infection,®* 
bacteremia,®”!*> endocarditis,4+.*84+!!9 septic arthritis!°° and osteomyelitis (see below). 
Because some of these models rely heavily on the use of in-dwelling medical devices, it is 
perhaps worth reiterating that several S. aureus MSCRAMMsSs have also been shown to 
promote the colonization of biomaterials (Chapter 20). 


1. Wound Infection 


Palma et al.” described a model in which an incision was made in the shoulder of male 
Wistar rats and the submuscular space inoculated with 104 colony-forming units (cfu) of 
S. aureus. This dose was empirically chosen from a range of 10° to 108. Control animals 
were either infected subcutaneously without prior incision or injected with sterile saline. 
Rats infected with a wild-type strain (FDA486) or an isogenic efb (fib) mutant were 
monitored for 1 wk and evaluated based on the absence of infection vs. mild to severe 
disease. None of the control animals developed signs of infection while the infection rate 
was 80% in rats infected with the wild-type strain. The infection rate with the Efb mutant 
was 57.2%. However, the number of animals with severe signs of disease was decreased 
from 66.7 to 28.6% by mutation of efb. In a parallel comparison using a catheter-induced 
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endocarditis model, there was no difference between the wild-type strain and the efb 
mutant.” 


2. Bacteremia 


Bacteremia models have been used for selection in IVET systems**”! and to assess the 


efficacy of immunization.*° For instance, intravenous injection of S. aureus in mice was 
used to confirm that immunization with CNA conferred protection against septic death.®? 
Bacteremia models are generally done by injecting 106—107 cfu of bacteria into the tail 
vein of mice. It can also be done by intraperitoneal injection, however, in that case, it is 
generally necessary to increase the dose dramatically (10°-10!° cfu). Tissues used to 
evaluate the infection include the spleen, liver and kidneys. Hematogenous seeding in 
mice has also been used in murine models of septic arthritis!®? and, more recently, 
osteomyelitis (see below).!>!58 Importantly, the septic arthritis studies confirmed that 
CNA is a relevant virulence factor. 


3. Endocarditis 


Endocarditis studies have been done in rabbits?864-84119 and rats.44 In all cases, a 
catheter is inserted through the right carotid artery, across the aortic valve and into the left 
ventricle. The catheter is usually left in place for 24—30 h.*+°+ However, catheterization 
for as little as 1 h results in the development of nonbacterial thrombotic endocarditis 
(NBTE) characterized by the deposition of platelets and fibrin on the damage heart 
valve.*+!!9 In some cases, the catheter is left in place throughout the experiment.?®*4 
Animals are infected intravenously with 106—108 cfu.*4+64 Results are assessed both as 
infection rate and the density of bacterial vegetations.**4 Flock et al.?® derived an 
adherence rate based on the number of bound bacteria vs. the number of bacteria injected. 
There is conflicting data concerning the role of the FnBPs in endocarditis.2°*!!° Other 
studies suggest that CNA* and ClfA* play an important role. 


4. Septic Arthritis 


The only MSCRAMM that has been specifically evaluated using a septic arthritis model 
is CNA. Patti et al.!°° generated a cna mutant (PH100) in Phillips by allele replacement 
and then compared the wild-type and mutant strains using a murine model. They also did 
the corresponding experiment of introducing cna into the chromosome of the cna- 
negative strain CYL316. Neither the mutation of cna or the introduction of cna had any 
significant impact on the ability to bind fibronectin, fibrinogen or thrombospondin.! 
To evaluate the impact on the pathogenesis of septic arthritis, mice were inoculated 
intravenously with 10’ cfu and then evaluated based both on infection rate and joint 
histopathology. When cna was mutated, the infection rate was reduced from 70 to 27.2%. 
When it was introduced, the infection rate was increased from 33.3 to 76.5%. Histological 
analysis of the CYL316 derivative (CYL574) was not done. However, 100% of the mice 
infected with Phillips had histological signs of arthritis while that was true of only 50% of 
the mice infected with PH100. 


5. Osteomyelitis 


It is extremely difficult to cause experimental osteomyelitis. A number of models have 
been described, most of which employ the use of schlerosing agents and/or implants. !° 
In almost all cases, these models have been used to characterize the disease process or to 
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evaluate therapeutic protocols rather than to make comparisons between strains of 
S. aureus. In such cases, it is often sufficient to utilize the direct approach of 
introducing bacteria directly into the bone. For instance, Gracia et al.*° drilled a hole in 
the tibia and then inoculated the cavity directly with either free bacteria or adherent 
bacteria attached to a metal rod. In our case, we use a rabbit model in which a 1 cm 
midradial segment is removed, inoculated with bacteria and then replaced. Although 
our model does not employ sclerosing agents or biomaterial implants, it does involve 
the direct introduction of bacteria into devascularized bone. Nevertheless, we have 
demonstrated the time and dose-dependent nature of this model and have demonstrated 
strain-dependent differences in infectivity.'** We have also used the model to confirm 
that CNA is present on the surface of S. aureus cells growing in bone.** To date, 
however, we have been unable to demonstrate a reproducible difference between 
Phillips and its cna-negative derivative PH100. On the other hand, we have done 
experiments in which we immunized rabbits with the CNA ligand-binding A domain 
and then challenged by intravenous infection. In an effort to facilitate the development 
of osteomyelitis, we did a sham surgery immediately prior to infection. Importantly, 
four of six unimmunized rabbits died within 24 h of hematogenous infection while all 
but one of the immunized rabbits survived. Bacteria were also isolated from the bone 
defect in half of the unimmunized rabbits but only 17% of the immunized group (data 
not shown). A mouse model of hematogenous osteomyelitis was recently described in 
which an incomplete cartilaginous fracture of the right proximal tibial growth plate was 
used to facilitate infection.!? This model is relatively unique and may prove parti- 
cularly useful since it was possible to cause osteomyelitis in a significant number of 
animals via hematogenous delivery of bacteria. The use of mice also has the advantage 
of allowing for more detailed immunological studies given the availability of murine 
reagents. !>8 
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I. INTRODUCTION 


Mutans streptococci (MS) have been implicated as primary causative agents of dental 
caries in humans and experimental animals.!4+!°> Among these organisms, Streptococcus 
mutans (serotypes c, e, and f) and Streptococcus sobrinus (serotypes d and g) are 
frequently isolated from human dental plaque.*° Dental plaque is a complex but typical 
bacterial biofilm, which contains MS and other oral bacteria and their products. Dental 
plaque is formed in two different stages; the initial and reversible attachment of oral 
bacteria (mainly streptococci) to the tooth surface, and subsequent sucrose-dependent 
firm and irreversible adhesion of MS and other organisms. 

The former step is initiated by adsorption of organisms to acquired pellicle on the tooth 
surface. Salivary receptor molecules are likely to promote the bacterial adhesion. These 
receptors can influence the adhesion in several ways. They can induce aggregation of oral 
bacteria:®’ such aggregation promotes adhesion of MS to other bacteria, but can also 
facilitate removal of oral bacteria by swallowing or flushing. Fimbrial cell surface 
proteins such as PA,’ I/II,*® P1,8 and SR *4 of MS are presumed to participate in the 
initial attachment of the organisms to the tooth surface via acquired pellicle. In this 
regard, surface protein is considered to be a protective antigen for dental caries. 7°?” 

Glucosyltransferases (GTFs; EC2.4.1.5) are strongly involved in the latter step. These 
enzymes utilize dietary sucrose as a substrate, and yield free fructose and glucan with 
predominant a(1—3) and a(1-—>6) bonds. Several species of oral streptococci produce 
GTFs. However, only those of MS cooperatively synthesize adhesive and water-insoluble 
glucan, resulting in firm adhesion of MS to the tooth surface. It is reported that S. mutans 
and S. sobrinus produce three and four kinds of GTFs, respectively.!*-!348 On the other 
hand, fructose is used as an energy source for these organisms, and it is metabolized to 
release lactic acid and other organic acids that serve as erosive agents in the cariogenic 
process. The biofilm may keep acids inside the structure, which results in localized 
decalcification of the enamel surfaces. 

Molecular biological approaches to the study of MS have produced interesting results. 
PA-deficient mutants with a disrupted PA gene displayed a low level of hydrophobicity 
and saliva-mediated adsorption in comparison to their parent strains.?*7° When the gtfB 
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and gtfC genes coding for GTFs were inactivated by allelic replacement, the resultant 
mutant strains were less virulent than the wild type strain in the development of 
experimental dental caries in rat.*°*” These findings are briefly reviewed in the following 
sections. 


II. BIOFILM-FORMING FACTORS OF MUTANS STREPTOCOCCI 


A. Molecular Characterization of Cell Surface Components Involved in Adhesion 


The hydrophobicity of the bacterial cell surface has been considered to affect several 
biological phenomena such as the attachment of bacteria to host tissues, adhesion of 
bacteria to solid surfaces, and interactions between bacteria and phagocytes. S$. mutans 
possesses a cell surface protein with a molecular mass of 190 kDa known as PAc (protein 
antigen serotype c). S. sobrinus produces a protein antigen with a molecular mass of 210 
kDa named PAg (protein antigen serotype g).*°> The PA of mutans streptococci is highly 
involved in cell surface hydrophobicity. PA-deficient mutants showed less hydro- 
phobicity and were less adsorptive on saliva-coated hydroxyapatite beads (S-HA) than 
their parent strains.?*? Furthermore, isogenic mutants, which synthesized larger amounts 
of cell-associated PA, exhibited increased hydrophobicity as compared with their wild 
type strains.??-42 

The antigenicity, immunogenicity, and protective efficiency of several synthetic 
peptides derived from the deduced amino acid sequence of the PAc protein have been 
studied extensively.*! PAc peptide corresponding to amino acid residues 301-319 of the 
alanine-rich region was strongly reactive with anti-PAc antibody and induced 
proliferation of T cells from BALB/c mice immunized with the PAc protein. 
Furthermore, intranasal immunization of mice with the peptide PAc (301-319) coupled to 
the nontoxic subunit of the cholera toxin molecule elicited strong serum IgG antibody 
responses to the peptide and suppressed the colonization of S. mutans on murine teeth. 
These results suggest that the alanine-rich region containing residues 301-319 of the 
PAc protein may be a good immunogen to elaborate antibodies that protect against 
dental caries. 


B. Preparation of Native GTFs 


S. mutans produces GTFs in cell-free (CF) and cell-associated (CA) states. CF-GTF 
synthesizes water-soluble glucan from sucrose. CA-GTF was released by 8 M urea 
extraction and chromatographically purified. It exclusively forms water-insoluble 
glucan.'? CA-GTF is considered to be the most important GTF in the pathogenesis of 
S. mutans, because mutants lacking it do not induce experimental dental caries.”! 
Molecular biological studies®*°* revealed that CA-GTF contains GTF-B-synthesizing 
insoluble glucans as well as GTF-C-synthesizing both insoluble and soluble glucans. 
Sequencing of the genes encoding GTF-B and GTF-C reveals that they are very similar in 
terms of nucleotide sequence.!° 

On the other hand, S. sobrinus produces at least three kinds of GTFs; one GTF 
synthesizes water-insoluble glucan from sucrose, the other two synthesize water-soluble 
glucan.!* The organisms aggregate upon addition of high molecular weight dextran. 
S. sobrinus grown in sucrose-containing media binds GTFs, while this is not the case 
when sucrose-free media are used for cultivation of the organisms. GTFs can be isolated 
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and purified from sucrose-free culture supernatant by chromatofocusing with PBE74 
(Amersham Pharmacia Biotech, Tokyo, Japan).!? In the following method section, we 
focus on the purification of CA-GTF from S. mutans. 


C. Function and Role of GTFs in Biofilm Development 


The ability of S. mutans and other species of MS to adhere firmly to the tooth surface in 
the presence of sucrose depends on the GTFs of the organisms. Although the initial 
attachment of MS to saliva-coated enamel surfaces occurs through the surface 
components of the organisms, the synthesis of water-insoluble, adhesive glucan from 
sucrose by GTFs is essential for biofilm and dental caries development. In recent years, a 
variety of methods for purifying GTFs have been reported and several GTFs were 
purified from mutans streptococci. S. mutans possesses three GTF genes, gtfB, gifC, 
gtfD.!840 GTF-B (GTF-I; 162 kDa) and GTF-C (GTF-SI; 149 kDa) primarily synthesize 
water-insoluble glucan, while GTF-D (GTF-S; 155 kDa) exclusively synthesizes water- 
soluble glucan. 

The sucrose-binding domain of GTF that functions in the binding and hydrolysis of 
sucrose is located in the N-terminal two-thirds of the molecule. Conserved amino acid 
sequences of the catalytic region are DSIRVDAVD for GTF-I and DGIRVDAED for 
GTF-S.”° Site-directed mutagenesis of the corresponding Asp residue in the GTF-B 
enzyme completely inactivated the enzyme.!? On the other hand, a carboxyl-terminal 
region constitutes the glucan-binding domain (GBD). Deletion studies of this region 
showed that GBD was essential for glucan synthesis but not for sucrase activity. 2532 


HI. METHODS FOR ANALYZING BIOFILMS 
A. Hydrophobicity Assay Using Hydrocarbon 


For the estimation of the hydrophobic nature of bacteria, a hexadecane method?” has 
been developed. Lyophilized bacterial cells can be used, and experimental time may 
be saved. 

MS organisms are grown at 37°C for 18 h in brain heart infusion broth (Difco 
Laboratories, Detroit, MI, USA). The organisms are washed twice with phosphate- 
buffered saline (PBS; pH 7.4) and lyophilized. When live cells are used, this 
lyophilization step can be omitted. The organisms are suspended in PUM buffer (pH7.1; 
17.0 g K,HPOg,, 7.3 g KH,POy,, 1.8 g urea, 0.2 g MgSO,4-7H,0/1000 mL distilled water) 
to an optical density of 0.6 at 550 nm. Aliquots (3 mL) of bacterial suspension are 
transferred into glass tubes (13x100 mm). Hexadecane (0.3 mL) is mixed to a suspension 
using a Vortex mixer for 1 min. The reaction mixtures are allowed to stand for 15 min at 
room temperature. The optical density of the lower, aqueous phase is measured. 
Adsorption is calculated as the percentage loss in optical density relative to that of the 
initial cell suspension. 


B. Adsorption of MS by Salivary Glycoproteins 


Bacterial adhesion is often the result of a specific interaction between the carbohydrate 
portions of receptor glycoproteins and proteinaceous complexes termed adhesins on 
bacterial cell surfaces.*? An example is the interaction between human salivary proteins 
and the A-repeat portion of PA of MS.*+3! The assay for bacterial adsorption by S-HA 
described below is very sensitive. 
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Whole saliva is collected in an ice-cooled container and clarified by centrifugation 
(44,000 g, 30 min, 4°C). The collected samples are aliquoted and frozen at —20°C until 
use.? To prepare S-HA, spheroidal hydroxyapatite beads (20 mg, BDH Chemicals, Poole, 
UK) are coated with 1 mL of KCI buffer (pH 6.0; 50 mM KCI in 2 mM potassium 
phosphate buffer) or diluted whole saliva (1 part saliva to 5 parts KCI buffer) for 1 h at 
room temperature and washed three times with KCI buffer. Organisms are grown at 37°C 
for 18 h in a chemically defined medium“ containing [methyl-*H]thymidine (2.22 TBq 
[60 Ci]/mmol; ICN Biomedicals, Costa Mesa, CA, USA) at a final concentration of 
370 kBq (10 uCi)/mL. [3H]thymidine-labeled bacteria (5x107) are incubated with S-HA 
in 1 mL of KCl buffer for 2 h at 37°C with continuous rotation. The S-HA beads are 
washed twice with KCI buffer to remove unattached cells. The radioactivity associated 
with the S-HA beads is estimated using liquid scintillation spectroscopy. The number of 
bacteria adsorbed by the S-HA is estimated from the calculated specific radioactivity of 
the bacteria. 


C. Measurement of GTF Activity 


GTF activity is estimated by [!4C]glucan synthesis from [!4C]sucrose using 
[!4C- glucose] sucrose (1.85 MBq [50 wCi]/mmol, Amersham Pharmacia Biotech).!3-7! 
The standard reaction mixture contains 10 mM [!4C-glucose] sucrose with or without 
20 uM dextran T10 in 20 uL of 0.1 M potassium phosphate buffer (pH 6.0). 

The standard mixture and GTF samples are mixed and incubated for 1 h at 37°C using 
a round-bottomed 96-well plate. They are spotted on a filter-paper square (1.5x1.0 cm) 
and dried in air. The squares are washed three times by stirring with methanol and dried in 
air. To determine the amount of ['*C]glucan synthesized, the filters are immersed in 
scintillation fluid, and are quantitated by a liquid scintillation counter. One unit of GTF 
activity is defined as the amount of enzyme incorporating 1 umole of glucose from a 
sucrose molecule into glucan/min under the conditions described above. 


D. Sucrose-Dependent Cell Adhesion to Glass Surfaces 


The number of adherent MS cells was determined turbidimetrically, and expressed as a 
percentage of the total cell mass (percentage cell adherence) as follows.!° 

MS are grown at 37°C at a 30° angle to the horizontal for 18 h in 3 mL of BHI broth 
containing 1% sucrose. The use of 13x100 mm disposable glass tubes (Corning Inc, 
Corning, NY) is recommended for this assay. Organisms that form a biofilm on the 
surface of the tube are removed by rubber scraper and dispersed by ultrasonication (total cell 
mass). The sample tubes are vigorously vibrated with a Vortex mixer for 3 s. 
Supernatant containing detached glucans and bacteria (unadhered cell mass) is 
ultrasonicated, and the absorbance at 550 nm is measured in a spectrophotometer. 
Following measurement of Ass, using BHI broth as background, the percentage of adhesion 
is defined as 100 XA;5sọ (total cell mass — unadhered cell mass)/A559 (total cell mass). 


E. Purification of GTFs from Cell Extract and Culture Supernatant 

S. mutans was grown in 8 L of TTY broth culture for 16 h at 37°C. !37! When necessary, 
CF-GTF can be purified from the culture supernatant by 50% saturated ammonium 
sulfate precipitation, chromatofocusing on a Polybuffer exchanger PBE94 (Amersham 
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Table 1. Summary of the Purification of Cell-Associated GTF from S. mutans MT8148 


Total Total Specific 

protein activity activity Recovery Purification 
Purification step (mg) (U) (U/mg) (%) (fold) 
8 M urea extract 207 417 2.01 100 1.0 
Ammonium sulfate 119 260 2.18 62 
(60% saturation) 
DEAE-Sepahcel 37.4 85.9 2.30 21 1.1 
Hydroxyapatite 4.7 32.8 6.96 8 3.5 


Cells recovered from TTY culture (81) were used for the extraction of cell-associated GTF. 


Pharmacia Biotech), and subsequent HA chromatography (Bio-Rad, Hercules, CA, USA) 
as described previously. 3°? 

The organisms are collected by centrifugation and washed three times with 50 mM sodium 
phosphate buffer (NaPB, pH 6.0). The organisms are stirred with 8 M urea 
solution for 1 h at room temperature to release CA-GTF. The centrifuged supernatant is 
concentrated by 60% saturated ammonium sulfate precipitation, dialyzed against 50 mM 
NaPB (pH 7.5), and loaded onto a DEAE-Sephacel column (2.5x13 cm, Amersham 
Pharmacia Biotech). After washing with 50 mM NaPB (pH 7.5), bound proteins are eluted 
with a linear gradient of 0 to 1.0 M NaCl. Fractions (15 mL) are collected and GTF activ- 
ity is determined as described above. Fractions containing GTF eluted at about 0.6 M NaCl 
are pooled, dialyzed against 50 mM NaPB (pH6.0), and the GTF solution is applied onto 
a hydroxyapatite column (1.0x13 cm, Bio-Rad). The column is first eluted with 225 mL 
of 50 mM NaPB (pH 6.0), and then eluted step-wise with 50 mM (90 mL), 0.2 M (165 mL), 
0.26 M (135 mL), and 0.5 M (255 mL) NaPB (pH 6.0) at a flow rate of 2 mL/min. The 
absorbance at 280 nm and GTF activity of each fraction (15 mL) are measured. CA-GTF 
should be obtained by elution with 0.5 M NaPB. The method for the purification of GTF 
is summarized in Table 1. Long-term storage is best achieved at —80°C after the enzyme 
solution has been frozen in liquid nitrogen. 


F. Genetic Manipulation of the gtf Genes in S. mutans 


To examine the role of each GTF in sucrose-dependent adhesion, the construction of 
gtf-isogenic mutants is essential. Assays for studying the gtf gene functions were 
reported by several research groups. For example, recombinant GTFs were expressed in 
Escherichia coli or Streptococcus milleri, purified, and characterized.®!!!7 Sucrase and 
glucan binding activities of GTF of MS were also determined by independent groups. 11°46 
In this section, we describe the inactivation and reconstruction of the gtf genes of S. mutans 
based on our recent report. 

Transformation of S. mutans is performed as previously described** with some 
modification. S. mutans is cultured in Todd-Hewitt broth (Difco) supplemented with 
10% heat-inactivated horse serum (Life Technologies, Rockville, MD, USA) for 18 h at 
37°C. The overnight culture is diluted 1:40 into the broth (10 mL) and incubated for 1.5 h 
at 37°C, after which donor DNA is added to a final concentration of 25 ug/mL. It is 
further incubated for 2 h at 37°C, concentrated approx 10-fold by centrifugation, and 
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Figure 1. Southern blot analysis of S. mutans MT8148 and its GTF-deficient mutants (A) 
and the location of the inserted aphA gene in the GTF-deficient mutants (B). (A) Chromo- 
somal DNA of the test organisms was digested and separated in a 0.8% agarose gel, and then 
transferred onto a nylon membrane. The blotted membrane was hybridized stringently with 
the aphA gene fragment. Lanes: 1, DNA size marker; 2, mutant B29; 3, B58; 4, B32; 5, 
parent strain MT8148; 6, the aphA gene. (B) The location of the inserted aphA gene (W) was 
determined by Southern blot analysis and the restriction enzyme mapping of the gtjB (H) 
and gifC (I) genes. 


spread on Mitis-Salivarius agar (Difco) plates containing appropriate antibiotics. The 
plates are incubated at 37°C for 2 to 3 d, and possible transformants are harvested for 
further examination. 

The 2-kb central portion of both gtfB and gtfC shows 98% identity. Therefore, gtfB-, 
gtfC-, and gtfBC-inactivated isogenic mutants may be obtained simultaneously when a 
unique Mlul site in the central region of the genes is inserted by an antibiotic marker, and 
the resultant plasmid is transformed into S. mutans. According to this strategy, the gtfB 
harboring plasmid, pSK6,°? is cleaved with Mlul, and ligated with a kanamycin resistance 
gene (aphA) from transposon Tn/545 ? to generate pTF55. Following linearization at a 
unique KpnI site of the plasmid, the DNA fragment (10 ug) is introduced into S. mutans 
strain MT8148 by transformation to allow allelic replacement. Transformants are selected 
on MS agar containing 500 ug/mL kanamycin, and are examined for their colony 
morphology on MS-agar under a dissecting microscope. 

S. mutans grown on MS-agar shows a rough colonial morphology. Transformants are 
screened based on their colonial appearances, and three kinds of mutant strains are 
obtained. Southern blot analysis using the 1.6-kb aphA gene as probe reveals that strains 
B29, B58, and B32 are inactivated gtfB, gtfC, and gtfBC, respectively (Fig. 1). 


G. Reconstruction of gtfB and gtfC, and Reintroduction of GTF 


A Streptococcus-E. coli shuttle vector pVA838 7° is digested with XbaI and Sall to 
generate a shuttle plasmid carrying gtfB (Fig. 2). A5.7-kb DNA fragment containing the 
genes of the origin of replication in Streptococcus and erythromycin-resistant gene (erm) 
is isolated from agarose gel. The fragment is ligated into pTF41, which is derivative of 


Bacterial Adhesion to Tooth Surfaces 451 








BamHI I 
j Sal | 
Sall amp 
Xba | “a 
pVA838 l- 
Sa —EcoR| 
oa, 
Xba | 
Sal |, Xba digest\ Sal |, Xba | digest ty I, EcoR D -a Il, EcoR | digest 
(Bgl Il / BamH I) 
oo L- ori 
ApaL | A gtfB h vy 
ZB1 3 ZB2 _Apal | 
Apal l- 15.0 Kb $ 
Sal | 6 
an 
X eo ~ Xba | 
s 
EcoR | 
Apal | digest and selfligation l Apal | digest and selfligation l 
[C gtfB 
Apal | $ 
pal-  pZB10 8 
13.8 Kb è 
A n 
D 
grep- °" 





Figure 2. Construction of E. coli-S. mutans shuttle plasmids carrying the gtfB or gtfC gene. 


pSK6 harboring the gtfB gene cleaved with the same enzymes, generating pZB1. To 
remove the amp gene, pZB1 is digested with ApaLI and self-ligated, resulting in pZB10. 

The shuttle vector containing the gifC gene, pZB2, is constructed by digesting pVA838 
with EcoRI and BamHI (Fig. 2). A 7.2-kb fragment is ligated with pTF42 digested with 
EcoRI and BglII. To remove the amp gene, pZB2 is digested with ApaL]I and self-ligated, 
resulting in pZB20. Both E. coli and S. mutans harboring pZB10 or pZB20 should be 
confirmed to be sensitive to ampicillin. To reintroduce the deficient GTFs, pZB10 and 
pZB20 are transformed into the GTF-deficient mutants B29 and B58, respectively 
(Fig. 3). 

An examination of sucrose dependent adherence of the parent strain and the mutants 
verified the predicted mutations (Table 2). The sucrose dependent cellular adherence of 
these mutants was significantly decreased as compared with that of parent strain MT8148. 
Mutant B32 showed the lowest adherence, while the cellular adherence of mutant B58 
was lower than that of B29. The difference in the adherence ability among these mutants 
was significant as revealed by ANOVA (P < 0.05). The degree of sucrose dependent 
adherence of the GTF-I reintroduced transformant B29(pZB10) was greater than that of 
the recipient strain B29, but did not reach the level of that of the parent strain MT8148. On 
the other hand, the sucrose-dependent adherence of GTF-SI reintroduced transformants 
B58(pZB20) was almost equal to that of the parent strain MT8148 (Table 2). 
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Figure 3. Deletion and reconstruction of GTFs of S. mutans MT8148. The gtfB or gtfC, or 
both genes were inactivated by insertional mutagenesis. Then the shuttle plasmids harboring 
the inactivated gtf genes was transformed into the GTF deficient mutant. 


Table 2. Sucrose Dependent Adherence of GTF Reintroduced Mutants 


Strain Antibiotic resistance GFT Adherence (%) 
MT8148 None T/SI/S 72.8+2.6 
B29 Km /ST/S 16.3+1.0 
B29 (pZB10) Km, Em T/SI/S 46.9+5.9 
B58 Km I /S 9.6+1.0 
B58 (pZB20) Km, Em T/SI/S 69.9+1.8 
B32 Km / IS 1.4+0.4 


IV. CONCLUDING REMARKS 


This chapter outlines how MS adhere to the tooth surface and, together with other oral 
bacterial species, form dental plaque, a biofilm. GTFs contribute to the adherence 
capability of these organisms, and should be recognized as critical virulence factors of 
these organisms. Traditional and novel molecular biological techniques are required to 
understand the mechanism of the biofilm formation in the oral cavity. S. mutans and 
S. sobrinus are apparently favored among oral bacterial flora for the study of biofilms. It 
should be noted that similar biofilms are occasionally formed on the heart valves, which 
eventually leads to bacterial endocarditis. In such cases, MS as well as other oral and 
enteric streptococcal species are reported to be etiologically important. 
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I. INTRODUCTION 


Adhesion to host tissues enables human pathogens to withstand host defense 
mechanisms such as removal by fluid flow, mucociliary clearance, and other physical 
processes. Adhesion is therefore an essential prerequisite for successful colonization of 
epithelial surfaces and is recognized as a virulence factor for bacterial, viral and fungal 
pathogens. However, adhesion alone is rarely, if ever, responsible for inducing disease. 
Most frequently, the combination of adhesion, pathogen growth in the lining epithelial 
cells, and toxin production or adhesion, penetration, and growth within mucosal epithelial 
cells determines the course of human diseases. 

Bacterial adhesion may result from relatively nonspecific hydrophobic and ionic 
interactions between the pathogen and host tissues. However, the available evidence 
strongly suggests that adhesion is a highly specific process, the result of the interaction 
between complementary chemical and conformational structures on the surface of the 
microorganisms, called adhesins,*? and protein or carbohydrate epitopes present on host 
cell plasma membranes.™ In the simplest cases, adhesion is mediated by binding of a 
unique bacterial adhesin to host receptors. However, unimodal adhesive pathway seems 
to be uncommon among successful pathogens. Most frequently, multiple ligands on the 
bacterial surface, recognizing more than one carbohydrate sequence or both host proteins 
and glycoconjugates, serve to increase the strength of adhesion, when these ligands are 
engaged in concert.?! 

Since bacterial adhesins have very specific requirements for the recognition of 
eukaryotic cell epitopes, adhesion is usually restricted to a set of cell populations carrying 
their optimal receptors. In vivo, this partly determines the localization of pathogens in 
selected tissue sites and the set of infections by which a bacterial pathogen is 
characterized. Experimentally, this restriction of host cells for a given bacterium should 
be the guiding factor in the choice of models selected to study its adhesiveness. 

In healthy conditions, the lower respiratory tract is sterile. That is so, despite the 
continuous inhalation of pathogens because the respiratory mucosa is equipped with 
efficient mechanisms to clean up inhaled microorganisms.*” On the other hand, once 
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Figure 1. A. Transmission electron micrograph of the human tracheal mucosa showing 
ciliated (CC) and surface mucus secretory cells (MC) with electron-lucent secretory 
granules; B. Scanning electron micrograph of the human tracheal mucosa showing the 
mucus gel (MG) at the tips of cilia. 


defense mechanisms such as the mucociliary clearance or the integrity of the epithelial 
barrier are overcome by physicochemical or viral agents, or even by inflammatory 
mechanisms, different pathogenic microorganisms can colonize the respiratory 
mucosa.’+°> Therefore, bacterial colonization and infection of the airways are most 
frequently the result of a preliminary damage to local defense mechanisms, rather than of 
bacterial virulence factors. 


Il. STRUCTURE AND FUNCTIONS OF AIRWAY EPITHELIUM 


The lining of the human respiratory airways is predominantly a pseudostratified, 
columnar epithelium, the main cell types seen in surface epithelium being ciliated, 
mucous-secreting (goblet), intermediate and basal cells (Fig. 1A). In the smaller distal 
airways, the epithelium is composed of a single layer of ciliated and Clara cells and basal 
cells are absent. Ciliated cells predominate also in terminal and respiratory bronchioles, 
where they are adjacent to the alveolar lining cells.3547 

The epithelial airway cells are held together by specialized cell junctions which are 
essential for the barrier function of the epithelium against nocive agents.°* Tight junctions 
seal cells together in a way that inhibits even small molecules from leaking from one side 
of the sheet to the other.*:!* Circumferential apical tight junctions also separate apical and 
basolateral domains of cell membranes, assisting in maintenance of epithelial cell 
polarity. By isolating basolaterally restricted proteins, tight junctions also restrict the 
repertoire of potential interactions that may occur between luminal molecules and 
epithelial cell surface receptors. Anchoring junctions (adherens junctions and 
desmosomes) mechanically attach cells (and their cytoskeletons) to their neighbors or to 
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the extracellular matrix. In response to environmental aggression, the cell junctions may 
be dramatically altered. The respiratory epithelium may therefore become “leaky” and 
permeable to noxious elements (pollutant gases, allergens, as well as infectious agents) 
present in the airway lumen.*778 

The respiratory epithelium is covered by mucus which forms a continuous film at the 
tips of the cilia of ciliated cells (Fig. 1B). This mucus film is made of two phases: an 
aqueous phase (called the periciliary layer), with low viscosity, in which the cilia beat, 
and a superficial (or gel layer), characterized by a high viscosity and elasticity. The film 
of mucus is permanently kept in motion by the action of ciliary beating. Inhaled 
exogenous microorganisms and particles are trapped by the gel mucus and are transported 
by the ciliary beating up to the pharynx where they are constantly swallowed. The entrap- 
ment of bacteria by the respiratory mucus, and the elimination of the mucus-embedded 
bacteria by the ciliary activity, actually represents the first stage in the defense of the 
respiratory epithelium.” The efficacy of the mucociliary escalator depends both on the 
integrity of the ciliary apparatus and on the rheological properties of respiratory 
mucus.3™!10 The respiratory mucus also has antioxidant, antiprotease and other antibac- 
terial functions. 

From a biochemical point of view, bronchial mucus is a water rich gel (over 97%) in 
which bathe numerous macromolecules (proteins, glycoproteins, lipids) and inorganic 
salts. The hydration of the mucus, the osmolarity of the periciliary layer, the relative 
thickness and the physical properties of the gel layer are directly regulated by the 
transepithelial movement of ions and water across the apical cell membranes, the ATPase 
pumps providing the necessary energy.!”? In cystic fibrosis (CF), the abnormalities in the 
Cl channel due to the abnormal protein cystic fibrosis transmembrane conductance 
regulator (CFTR) cause significant dehydration of the mucus. Together with considerable 
problems of hypersecretion and hyperviscosity, mucus dehydration contributes to the 
deficiency of the mucociliary transport which in turn leads to the recurrent airway infec- 
tions detected in CF patients. 

Mucins, the most important component of the mucus gel, are a broad family of highly 
glycosylated molecules with a molecular mass ranging from about 3x105 to more than 10° 
daltons.°*°* Several mucin genes have been identified so far and the peptide part of the 
mucin, called apomucin, constitutes a family of diverse molecules.’ The expression of 
different apomucin genes certainly contributes to the diversity of human respiratory 
mucins but this diversity is tremendously increased by glycosylation, a major post- 
transcriptional phenomenon responsible for about 70% of the weight of the mucin 
molecules. Some mucins may present several hundred different carbohydrate chains,” 
having 1-20 sugar residues. The majority of the carbohydrate chains are attached to the 
peptide by O-glycosidic bonds between the hydroxyl group of a serine or threonine 
residue of the apomucin and a N-acetylgalactosamine (GalNAc) residue at the reducing 
end of the carbohydrate chain. In addition to GalNAc, mucins may also contain N- 
acetylglucosamine (GlcNAc), galactose (Gal), fucose (Fuc), N-acetylneuraminic acid 
(NeuAc), and sulfate. 

Since many microbial adhesins recognize and bind to host glycoconjugates, it is 
likely that the carbohydrate diversity of the respiratory mucins represents a mosaic of 
potential sites for the attachment of inhaled microorganisms, leading to their trapping, 
and ultimately to their elimination. In normal conditions, therefore, mucin carbohydrate 
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diversity represents a protection for the underlying mucosa against bacterial colonization. 
However, in pathological conditions, the mucociliary transport may be severely reduced 
due to a decrease in the number and activity of ciliated cells, changes in the biochemical 
and rheological properties of the mucus gel, or modifications in the surface properties of 
the respiratory mucosa.*’ As soon as this protective mechanism is impaired, the specific 
recognition and attachment of bacteria to mucins represents a critical pathway for 
bacterial colonization and infection of the underlying epithelial cells, generally 
associated with local inflammatory reaction. 


II. RESPONSE OF AIRWAY EPITHELIUM 
TO ENVIRONMENTAL INJURY 


Generally speaking, the acute response of the respiratory epithelium to injury begins 
by an increase in mucus secretion. At the initial stage, this hypersecretion represents a 
phenomenon of protection by three principal mechanisms: 1) an increase in the physical 
protective barrier of the epithelium (the thickness of the gel phase increases); 2) an 
increase in the pool of secretory cells, essential for the rapid regeneration of ciliated cells 
which are particularly sensitive to the aggressive agents; and 3) an increase in the pool of 
biochemical molecules intervening in the defense of the epithelium.’*-”? 

If there is an imbalance between the defense mechanisms and the factors of aggression, 
this will progressively give rise to the migration of polymorphonuclear leukocytes 
towards the surface epithelium. Lysis of the mucus gel associated with the injury of 
ciliated cells by oxidant molecules and proteases released by inflammatory cells are very 
quickly followed by the decrease of mucociliary clearance. Moreover, in response to 
aggression, the airway epithelium may suffer from a succession of cellular events which 
culminate with the loss of surface epithelial impermeability normally ensured by the tight 
junctions, or the shedding of the epithelium (only basal cells still being attached to the 
basal lamina), or even the complete denudation of the basement membrane.”? 

After acute injury, the respiratory epithelium initiates a healing process to recover its 
integrity. This process involves such mechanisms as internalization of cilia, and loss of 
the polarity of epithelial respiratory cells which then flatten, spread and migrate to 
recover denuded basement membranes.°!>2>° Proliferation of the cells located behind the 
wound begins later. Cells in mitosis are generally secretory cells and not basal cells. 

In vivo studies have shown that the wound space is colonized by different cell types, 
the sequential processes by which these cells interact with each other being orchestrated 
by the release of signal substances, such as cytokines and inflammatory mediators. 
However, in vitro studies have shown that airway epithelial cells have the capacity by 
themselves, without the contribution of any other nonepithelial cells, to migrate at a speed 
ranging from 10 to 30 um/h, and to re-establish a barrier junction within 48—72 h, accord- 
ing to the size of the wound. !?6 

Whereas intact respiratory mucosa is relatively resistant to bacterial adhesion and 
colonization, an extensive literature has shown that injured mucosa is highly susceptible 
to bacterial infection.3!7488.128 Mechanisms by which tissue injury predisposes 
respiratory airways to bacterial infection may be related to the uncovering of potential 
receptors for bacterial adhesins. Desquamated cells68:81-88-118 and different components of 
the denuded extracellular matrix (ECM)*":”> represent preferential targets for bacterial 
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adhesion. Moreover, the remodeling of airway epithelium during injury and repair seems 
to represent a critical event which may further favor the recurrence of infections. By using 
an in vitro model of the repair process of the airway epithelium, !?5 we have shown that 
spreading epithelial cells located at the margins of the wounds (regenerating cells) are 
particularly susceptible to the adhesion of Pseudomonas aeruginosa.'""* 

When attempting to study bacterial adhesion to the respiratory mucosa, it is important 
to bear in mind the characteristics of the infections caused in vivo by the bacterial species 
of interest. Answers to questions such as “Can these microorganisms infect healthy people, 
like Mycoplasma pneumoniae do?” or “Are these microorganisms mainly opportunistic 
bacteria, as is the case of P. aeruginosa?” will guide the choice of the in vitro model 
which would better simulate the conditions which the different bacterial pathogens find 
in Vivo. 


IV. STUDYING BACTERIAL ADHESION TO RESPIRATORY MUCUS 


Streptococcus pneumoniae, ®™3! Haemophilus influenzae,”!17!468° Staphylococcus 
aureus,'°'"!9 Burkholderia cepacia,?’”? and P. aeruginosa®®*'-*3.°8 are human respira- 
tory pathogens that seldom, if ever, adhere to normal ciliated cells but bind avidly to 
respiratory mucus. 

Bacterial adhesion to mucus has been assessed by scanning electron microscopic (SEM) 
observation of experimentally infected animal airways,**!°! organotypic cultures,31-118 
and cell culture models.’? The effect of mucus hypersecretion on S. aureus adhesion was 
recently assessed by treating epithelial respiratory cells in primary culture with human 
neutrophil elastase (HNE) at 1 ug/mL for 30 min. At this concentration, HNE was not 
toxic for ciliated cells and was shown to significantly increase the number of mucus 
granules released by the respiratory cells.!!° In another study in which cultured cells were 
treated with HNE at higher concentration (250 ug/mL), a substantial increase in 
P. aeruginosa adhesion to respiratory mucosa was observed and bacteria were seen to 
adhere both to mucus granules and to desquamated respiratory cells (Fig. 2).’° 

Although SEM observation of the respiratory mucosa allows the qualitative assess- 
ment of bacterial adhesion to mucus, the definition of the precise mucus receptor (mucin 
or other mucus glycoconjugate; epitopes on these molecules)***° and of the bacterial 
ligands accounting for this adhesion!!-8>-!0° require the use of other in vitro assays. 


A. Bacterial Binding to Mucin Immobilized onto Solid Phases 


1. Microtiter Plate Assays 


Different concentrations of purified mucin or mucin glycopeptides in deionized 
water*+°7.!2! or in 0.1 M carbonate buffer, pH 9.6,!°! are added to 96-well microtiter plates 
and the plates are left at 37°C overnight to allow mucin to coat the wells. Just before 
adding bacterial suspensions, the wells are washed with sterile phosphate-buffered saline 
(PBS; pH 7.0) and the plates are incubated with bacteria at 37°C for different periods. 
Alternatively, before the addition of the bacterial suspension, the remaining receptor sites 
in microplate wells can be blocked with 3% bovine serum albumin (BSA) for 1 h.?7°8 
After the incubation with bacteria, the wells are washed with sterile PBS to remove 
unbound bacteria. Adherent microorganisms can then be lifted with 0.5% Triton 
X-100,8+!?! with 0.5% Tween 80’ or with 0.05% trypsin - 0.5 mM EDTA in Hanks’ 
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Figure 2. Scanning electron micrograph of the respiratory mucosa treated with human 
neutrophil elastase (HNE) at 250 g/mL for 1 h (A) and of HNE-treated mucosa exposed to 
P. aeruginosa suspension. Note in (A) the secretion of mucus granules (arrows) and in (B), 
the presence of bacteria adherent to secreted mucus (arrows). 


balanced salt solution without calcium or magnesium.!°? Quantification of adherent 
bacteria is obtained by serial diluting and culturing the content of each well. The viable 
count of the starting inoculum should also be quantified by dilution of a sample and 
plating. 


2. Slot Dot Assay 


Different concentrations of purified mucin or mucin glycopeptides are blotted onto 
nitrocellulose membranes which are washed with PBS containing 0.05% Tween 20 
(PBS-Tween), blocked with 1% BSA" or 3% gelatin? for 30 min to 1 h and incubated 
with suspensions of *°S-labeled bacteria in 1% BSA-PBS-Tween for different 
periods. The membranes are then washed in PBS-Tween, and air dried. The presence 
of radio-activity can be detected by autoradiography and quantitated with a scanning 
densitometer!”*” or by the counting of the associated radioactivity with scintillation 
counters. 


3. Thin Layer Chromatography (TLC) Assay 


Chloroform:methanol extracts of mucin or glycolipids are separated by thin layer 
chromatography on silica gel.8°.°7.°8 The silica plates are then either stained with Orcinol 
and visualized, or blocked with 1% gelatin or BSA overnight at 37°C, incubated with 35S- 
labeled bacteria for 1 h, washed, air dried and processed for autoradiography. By using 
TLC and the neoglycolipid technology, Ramphal et al.8° have determined some mucin 
carbohydrate receptors for P. aeruginosa adhesion. They have also gathered evidence 
that adhesins that are different from pilin account for this bacterium affinity for 
respiratory mucus. 
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B. Bacterial Aggregation by Mucin 


Purified mucins at 1 mg/mL (10 uL) are mixed with bacterial suspensions at 2X10? cfu/mL 
(50 uL), shaken for 2 h at room temperature, and examined by interference microscopy. 
Aggregates are graded as present (+, ++, or +++) or absent. If present, the mucins are 
serially diluted in PBS and the bacterium-mucin interaction is quantitated as the lowest 
concentration of mucin that caused aggregation.!” 


C. Interaction of Mucin with Bacterial Fractions 


To identify the ligands accounting for adhesion to mucus, bacterial outer membrane 
proteins (OMP) can be extracted and separated by sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE), blotted onto nitrocellulose replicas, 
blocked with 2% BSA, and probed with human bronchial mucins (or other mucus 
components) labeled with !>]. The blots are then washed with PBS (4 times for 15 min 
each), and with 0.05% Tween 20-PBS (4 times for 15 min each), dried, and processed 
for autoradiography. By using this method Carnoy et al.!! identified several 
P. aeruginosa OMPs recognizing both respiratory mucin and lactotransferrin. More 
recently, Scharfman et al.! demonstrated that the expression of mucin-binding proteins 
in OMPs of P. aeruginosa is affected by the iron content of the medium in which the 
bacteria are grown. 


V. STUDYING BACTERIAL ADHESION TO RESPIRATORY CELLS 
A. Animal Models 


Ideally, the animal model used to study a bacterial disease should have the following 
characteristics: the bacterium should infect the animal by the same route it uses to infect 
humans, have the same tissue distribution in animals as in humans and cause the same 
symptons. Strains known to be more virulent than others in humans should also be more 
virulent in the animal model. Such an ideal animal model has rarely been found.! 

Different animal species have been used for investigations of bacterial adhesion to 
respiratory mucosa.°89.!!5.128 At different periods after bacterial inoculation, animals 
were sacrified, and the respiratory tissues removed to determine the extent of adhesion by 
SEM or by the counting of viable bacteria associated with tissues. 

The in vivo system using the inoculation of experimental animals for investigations of 
bacterial virulence factors has long been accepted as a substitute for using human subjects 
and considered to be the gold standard of research on bacterial virulence.!°° However, 
there are many disadvantages in using animal models to study bacterial adhesion to host 
tissues. 1) They represent a complex system in which many variables can not be 
controlled. In in vivo models, there is always a cascade of epithelial, mesenchymal and 
inflammatory cell-derived molecules and it is often difficult to distinguish which cell 
phenotype and molecules are specifically responsible for bacterial adhesion. 2) Since there 
may exist significant differences in the expression of surface carbohydrates between 
animal species, receptors for bacterial adhesins exhibited by animal cells may not be the 
same exhibited by human cells. 3) It is necessary to have a large enough animal 
population in order to provide statistical validation of the data. 4) Experimental animal 
models are not adequate to attain a molecular understanding of bacterial adhesion. 
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Figure 3. Schematic representation of the tissue section model to assess bacterial adhesion 
to respiratory mucosa. Cryosections of bovine tracheal mucosa were exposed to 
P. aeruginosa suspension for 30 min and stained with methylene blue. Note the presence of 
many bacteria adherent to the submucosal extracellular matrix, located preferentially at the 
basal side of epithelial cells from submucosal glands (SG), suggesting the affinity of 
bacteria for cell basement membranes. 


Although animal models are usually inadequate as the initial approach to investigate 
bacterial adhesion to respiratory mucosa, they remain excellent tools to confirm data 
obtained from other experimental models in which less complex targets are used. 


B. Tissue Section Models 


In situ screening of human tissue sections exposed to bacterial suspensions has been 
used to assess adhesion to respiratory mucosa. The advantage of this model is that it 
allows direct and specific evaluation of the distribution of receptor molecules among 
different cell populations in human target tissues. Moreover, it can be used to further 
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characterize the receptor directly on the tissues by performing double labeling of adherent 
bacteria and tissue components, biochemical modifications of the tissues, and inhibition 
assays.78 

Sterk et al.!!? described a technique for using paraffin-embedded sections of adenoid 
human tissue to assess the role of fimbriae in H. influenzae adhesion to respiratory cells. 
Briefly, tissue sections were transferred to poly-L-lysine-coated glass slides and 
incubated with human plasma for 4 h at 37°C, to improve adhesion, and stored. Before 
using, the sections were deparaffinized in 100% xylene for 10 min, rehydrated in graded 
ethanols, washed in slowly running distilled water, and pre-incubated for 15 min at 37°C 
with 0.5% pepsin in diluted HCl (pH 2.0) and then with 10% normal swine serum for 
15 min at 22°C, to reduce nonspecific binding. Tissue sections were overlaid with 
bacterial suspensions, incubated for 1 h in a humid atmosphere, and washed three times 
with PBS containing 0.05% Tween 20. Sections were then stained immunochemically 
with anti-bacterial antibodies to detect adherent H. influenzae. The slides were 
counterstained with hematoxylin and the sections were examined by light microscopy. 
Alternatively, bacteria can be labeled with fluorochromes, such as fluorescein 
isothiocyanate (FITC) or tetramethyl-rhodamine isothiocyanate (TRITC) and the 
bacterial adhesion assessed by fluorescence microscopy.”? 

Tissue section models can also be used in inhibition assays. In the study carried out by 
Sterk et al.!!3 to ascertain the role of fimbriae in H. influenzae adhesion to respiratory 
cells, bacteria were pre-incubated with anti-fimbriae monoclonal antibodies prior to their 
incubation with tissue sections. 

In situ screening of frozen human tissue sections exposed to bacterial suspensions was 
described by Beuth et al.!° Frozen sections are expected to give origin to more reliable 
results because cell reactivity is not hampered by chemical treatments. Briefly, tissue 
fragments were embedded in Optimum Cutting Temperature compound (OCT, Tissue 
Tek, Elkhart, IN), immersed in liquid nitrogen for 5 min, and kept at—80°C. Thin cryotome 
sections were deposited onto gelatin-coated slides and air-dried. Sections were rehydrated 
with PBS containing 1% BSA for 10 min and then exposed to either bacterial suspensions 
or bacterial suspensions containing different carbohydrates. Sections were then rinsed in 
ice-cold PBS, fixed, stained with methylene blue and microscopic examination followed. 

By using the technique described by Beuth et al.!° applied to bovine airway epithelium, 
we could observe the adhesion of P. aeruginosa to respiratory mucus as well as to the 
extracellular matrix (Fig. 3; unpublished data). 


C. Isolated Cell Model 


In this model, human epithelial respiratory cells obtained from buccal,?344-124 nasal® 
or tracheal mucosa?*334463 were mixed with suspensions of radiolabeled bacteria in 
conical bottom tubes. After incubation, the mixtures were centrifuged, and the 
supernatants, containing nonadherent bacteria, decanted.®* The cell pellets were then 
resuspended in PBS and any nonadherent bacteria still remaining were eliminated by 
filtration in polycarbonate filters. After washing, the filter-associated radioactivity was 
counted in scintillation counters. In other studies, in which nonradiolabeled bacteria were 
used instead, the adhesion was assessed by light microscopy, after cell fixation and 
staining. 
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Although the isolated cell model was the model used in early studies on bacterial 
adhesion, nowadays its merit is recognized as being mainly historical. That is the case 
because in vivo, epithelial cells are held together by cell junction complexes that separate 
apical and basolateral domains of cell membranes.*:!* Membranes of these two domains 
differ structurally, biochemically and physiologically. Thus, in healthy conditions, only 
receptors from apical membranes are exposed to bacteria and the in vitro finding of 
bacteria adherent to cell lateral sides may have no physiological significance. It may, 
however, be representative of conditions found in early phases of epithelial injury, when 
many exfoliated cells are found lying on the respiratory mucosa. In fact, several authors 
have observed the adhesion of respiratory pathogens, as P. aeruginosa®*108!1!8 and 
H. influenzae,*©**.®° to exfoliated epithelial respiratory cells. 


D. Cultured Cell Model 


Cultured mammalian cells provide a simple and easily controlled model for 
investigating the host—bacterium interaction. Cells can be grown in defined culture 
medium under reproducible conditions and only one cell type is represented. Another 
advantage of using cell cultures to assess bacterial adhesion, that has been underlined by 
Salyers and Whitt,!° is that “cultured cells cost less per day to house than laboratory 
animals, do not fight with each other and have seldom been known to escape from 
their cages.” 

Due to the variation in expression of cell surface epitopes known to exist between 
species and tissues/organs, as well as among cells originating from the same tissue as a 
function of developmental and differentiation stages,”°*° careful consideration must be 
made to the type of cultured cell selected for the adhesion assays. The cultured cell chosen 
for analysis should resemble as closely as possible the naturally colonized cells with which 
the organism interacts with in tissues. 

It may be possible to prepare and maintain cell populations from explants of normal 
tissue in primary culture. In fact, cells in primary cultures should be used whenever 
possible, since they should reflect the cells found in nondiseased tissues in vivo. For 
tissues whose cells cannot be conveniently obtained in primary culture, it is often possible 
to identify a transformed cell line that is derived from the tissue of interest. 

A number of important limitations should be considered while attempting to compare 
results obtained with cultured cells to host tissue. 


1. The state of differentiation that a given cell type can be maintained at in culture may not 
reflect the state that is present in the tissue. This is particularly important in studies on bacte- 
rial adhesion to respiratory mucosa. As previously mentioned, the respiratory airways, from 
the nose to respiratory bronchioles, are covered by ciliated cells. The beating activity of cilia 
has been shown to protect cells from bacterial adhesion.’”!!8 

2. Cultured cells frequently lose many of the traits that are characteristic of the cells in vivo, 
especially because most cell lines have been established from malignant tissue. Also, if the 
cells have been transformed, the repertoire of receptors that they will express may be consid- 
erably altered as the process of transformation may produce numerous mutations and rear- 
rangements in the genome of the cell. Moreover, cell lines that are passed repeatedly in culture 
will continue to develop new mutations and rearrangements.”? To make the transition from a 
differentiated, nondividing cell found in vivo to a rapidly dividing cell, cultured cells must be 
stripped of many of the properties that made them the type of cell they were. One feature that 
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can be lost in the process of cell passage is tissue-specific cell surface molecules that 
normally function as bacterial receptors, unmasking low affinity receptors.” Such an 
occurrence may explain the surprising fact that many bacterial pathogens that are highly 
specific for a particular tissue when causing an infection in an intact animal are able to 
adhere to and invade cultured cells derived from tissue they do not infect normally. In 
addition, most cultured cells lose their normal shape and distribution of surface anti- 
gens, and, as they do not form tight junctions, are unable to form impermeable barriers.’” 
These disadvantages may also be circumvented by culturing cells on porous membranes*®66 
or on supporting thick gels of ECM components, such as type I collagen! or EHS gels.’ 
We have recently shown that when human epithelial respiratory cells, in primary culture 
and from the cell line, 1 HAEo-,!° were cultured on thick collagen gels, cells were polar- 
ized, tight and impermeable to the penetration of lanthanum nitrate. In contrast, these 
same cells cultured on thin collagen films or on plastic supports gave origin to cultures that 
did not exclude lanthanum nitrate and that exhibited receptors from cell basolateral mem- 
branes, such as B1 integrins, also at their upper membranes.”° These cells differed also in 
their susceptibility to P. aeruginosa adhesion and internalization, the non-polarized cells 
being highly susceptible to bacterial infection. 

3. Another problem concerning cultured cells as representative of human mucosa is that real 
mucosal surfaces are covered with mucus and bathed in solutions that are difficult to mimic 
in an in vitro system. 


The fact that pitfalls may occur with cultured cells does not mean that they have not 
been extremely useful for investigating the bacterial adhesion to respiratory mucosa. If 
their limitations are kept in mind, cultured cells may be important for generating 
hypothesis that may be validated in animal models. 

Different methods have been used to investigate bacterial adhesion to cultured cells. In 
all these methods, cultured cells are exposed to bacterial suspensions for different periods 
and rinsed to eliminate nonadherent microorganisms. Different approaches are then 
adopted, depending on the method selected. 


1. Light Microscopy Assays 


Cells with attached bacteria are fixed, stained with Giemsa or Gram dyes and 
observed under light microscopy to determine the percentage of cells with adherent 
bacteria as well as the mean number of adherent bacteria per cell. Alternatively, light 
microscopes equipped with ocular grids can be used to determine the mean number of 
bacteria per optical field.*-°” Although this method can be carried out with cells cultured 
on thick gels of ECM, the best accuracy is obtained when cells have been cultured on 
rigid supports. 


2. Electron Microscopy 


Bacterial adhesion can also be assessed by scanning or by transmission electron 
microscopy (SEM and TEM, respectively). In SEM assays, cells with adherent micro- 
organisms are fixed, submitted to critical point drying, and coated with gold palladium 
particles, before qualitative or qualitative assessment of bacterial adhesion.** By using 
image analysis workstations connected to the SEM, it is possible to obtain topographic 
information, such as the localization of the object within a region of interest drawn at any 
magnification of the microscope or quantitative data. In a study carried out by Colliot et al.,!4 
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a relationship between P. aeruginosa adhesion to respiratory cells and the labeling of 
respiratory cells with the lectin RCA II adsorbed to colloidal gold granules could be 
demonstrated. Computer-assisted SEM was also very useful in the determination of the 
number of aggregated bacteria adherent to regenerating epithelial respiratory cells.!® SEM 
studies can be carried out on cells cultured on rigid supports and, most interestingly, also 
with cells cultured on substrates allowing a better differentiation of cells, such as thick 
gels of ECM components and porous membranes. 

TEM of sectioned material has primarily been used to provide high-resolution 
information about the mechanisms of interaction of bacteria with target cell surfaces. The 
combined use of immunolabeling can provide information on the nature of the epitopes of 
both the bacterium and the target cell involved in adhesion.*+ The major disadvantages of 
the method are: 1) only very small areas of cell surfaces are examined in each ultrathin 
section, and 2) the specimen preparation requires a high level of skill and the technique is 
time-consuming. TEM should therefore be used for studies where alternative simpler 
techniques are inappropriate. 


3. Viable Count Assays 


Cells with adherent bacteria are treated with sterile detergents such as 0.1% Triton 
X-100 for 5 to 10 min to detach bound microorganisms. Cell lysates are then diluted and 
cultured.°”-”° Results are presented both as the number of bacteria per ml of cell lysate and 
as the percentage of the starting bacterial inoculum. This method can be carried out with 
cells cultured on rigid supports, on thick gels of ECM components or on porous 
membranes. 


4. Enzyme Linked Immunosorbent Assay (ELISA) Based Adhesion System 


Cell cultures are fixed in order to minimize any detachment from the plastic surfaces. 
Adherent bacteria are then treated with anti-bacterial antibodies followed by secondary 
antibody complexed with horseradish peroxidase or alkaline phosphatase. The develop- 
ment of color after adding an appropriate chromogenic substratum for the enzymes re- 
flects the amount of bound bacteria and can be quantified with a microplate reader.*> 
However, this method can be carried out only when cells have been cultured on 96-well 
microtiter plates and it determines total adhesion to a given population of animal cells. It 
presents, as an advantage over other methods, the possibility of screening large numbers 
of potential inhibitors with high sensitivity. Moreover, when the target cells are capable 
of internalizing the adherent bacteria, the ELISA-based system allows discrimination 
between the attachment and internalization stages of the endocytic process.* Fixatives 
that do not permeabilize cell membranes (such as 4% paraformaldehyde) will only allow 
the detection of adherent bacteria whereas fixatives permeabilizing cell membranes (such 
as methanol) allow the detection of both adherent and internalized microorganisms. 


5. Fluorescence Flow Cytometry 


In a technique recently described by Jiang et al.“8 to ascertain whether respiratory 
syncytial virus infection (RSV) would enhance the adhesion of H. influenzae to 
respiratory cells, virus-infected and noninfected cultured cells were detached from the 
culture wells with 0.1 M EDTA, pH 7.5, for 10 min, washed with PBS, and labeled with 
FITC-conjugated anti-RSV antibody. Cells were then incubated, at various ratios, with 
suspensions of bacteria previously labeled with a red fluorescent dye, washed by 
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differential centrifugation to remove unattached bacteria, and fixed in 1% paraformalde- 
hyde prior to analysis by two-colour flow cytometry. This technique has also been used to 
assess the role of virulence factors in B. pertussis adhesion to respiratory cells.!° 


6. Radioactivity Count Assay 


In this technique, bacteria are labeled with different isotopes**”! and exposed to cells 
cultured on rigid supports or on porous membranes. After the incubation period, cells are 
rinsed and adherent bacterial are quantified by scintillation counting of solubilized cells. 
Results are usually expressed as the percentage remaining of the initial radioactivity in- 
oculum added to the respiratory cells, according to the formula: % of adherent bacteria = 
counted dpm in solubilized cells/counted dpm in bacterial inoculum x 100. 

Due to due to its simplicity, this technique has been used in inhibitory assays to assess 
the role of both bacterial’? and host cell components®*!!? implicated in bacterial adhesion 
as well as the effect of antibacterial drugs. !?3 

All these experimental approaches mentioned above have been used with success in 
studies of bacterial adhesion to respiratory cells. However, it is highly recommended that 
the initial assessment of adhesion should be conducted by microscopy to ascertain that 
bacteria are actually binding to the cells and not to supporting matrices or dishes. This 
recommendation is justified, for instance, by our finding during studies on P. aeruginosa 
interaction with human epithelial respiratory cells in primary culture. In those studies we 
have worked on the culture model described by Chevillard et al.!? in which explants from 
human nasal polyps were cultured on a thick type I collagen matrix in defined culture 
medium. Under these conditions, cells from the explants migrated over the collagen gel, 
giving origin to an outgrowth area around the explants (Fig. 4A). When the cultures were 
exposed to P. aeruginosa, we observed that bacterial adhesion to the supporting matrix 
was significantly higher than to the epithelial cells (Fig. 4B, C73). 

We also observed large aggregates of bacteria trapped at the extremities of cilia (Fig. 5A). 
By TEM and immunocytochemical labeling techniques, we demonstrated the presence of 
fibronectin in the fibrillar material surrounding aggregated microorganisms (Fig. 5B—D”). 
Had we worked on radiolabeled bacteria, all the radioactivity associated with the collagen 
matrix would have been attributed to bacterial adhesion to the epithelial cells. Moreover, 
we would not have detected the capability of fibronectin to agglutinate P. aeruginosa 
cells. Another advantage of microscopic methods to assess bacterial adhesion is that they 
may reveal that the organisms are binding nonuniformly to cultured cells. Bacteria may 
be found binding to specific area of the culture that may correlate with distribution of 
cellular receptors. 

Although microscopic methods may give origin to precious information about 
bacterial adhesiveness, they also present a few disadvantages: 1) they are tedious and time 
consuming and this is particularly true for SEM methods and, 2) research on 
bacterial adhesion by light microscopy is often hampered by the inability to distinguish 
between bacteria that are attached to the surface of the cells from those that have been 
internalized by them. 


7. Distinguishing Extracellular from Intracellular Bacteria 


Different methods have been proposed to distinguish between attached and 
internalized bacteria. Some of these methods take advantage of the impermeability of 
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Figure 4. (A). Phase contrast micrograph of human nasal polyp explant (E) cultured on type 
I collagen matrix (CM) in defined culture medium. Note the presence of the epithelial 
outgrowth (OG) surrounding the explant, due to cell migration from the explant and to cell 
proliferation. Arrows point to the edges of the outgrowth. (B, C). Scanning electron 
micrographs of the cell culture illustrating the affinity of P. aeruginosa for the collagen 
matrix (CM) on which cells have been seeded. Arrows in B point to the edges of the out- 
growth and in C to an area of retraction of the epithelial cells. The uncovered collagen 
matrix exhibit many adherent bacteria, in sharp contrast with the paucity of bacteria 
adherent to the cell membrane (arrowheads). 


eukaryotic cell membranes to large molecules, such as antibodies. While investigating the 
interaction of P. aeruginosa with Caco-2 cells, Pereira et al.°’ fixed cell monolayers 
previously exposed to bacterial suspensions with 4% paraformaldehyde in PBS, a fixative 
solution that does not permeabilize cell membranes. Thereafter, cell cultures were treated 
with anti-bacterial antibodies complexed to horseradish peroxidase and with a solution 
containing diaminobenzidine (DAB), imidazol and hydrogen peroxide, to label attached 
microorganisms, and were counterstained with the Giemsa dye. By light microscopy, 
extracellular (EC) bacteria were seen stained in brown, while epithelial cells and intra- 
cellular (IC) microorganisms appeared stained in blue. 

Another approach taking advantage of the impermeability of cell membranes to large 
molecules depends on the quenching of the fluorescence of EC bacteria by crystal violet*! 
or by propidium iodide. In the first method, following the incubation of eukaryotic cells 
cultured on glass coverslips with bacteria previously labeled with FITC, cells are 
submitted to fluorescence microscopy to determine the percentage of cells with 
associated microorganisms as well as the mean number of adherent bacteria per cell. In 
parallel, other coverslips are treated with crystal violet and re-submitted to fluorescence 
microscopy. EC bacteria have their fluorescence quenched by the dye and appear dark 
and nonfluorescent while IC microorganisms remain brightly fluorescent. In the second 
method, FITC-labeled IC bacteria remain green fluorescent whereas EC bacteria exhibit 
red or orange fluorescence. 
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Figure 5. (A). Scanning electron micrograph of epithelial respiratory cells in primary cul- 
ture showing the presence of a large aggregate of P. aeruginosa associated with ciliated 
cells. (B—D). Transmission electron micrographs of thick sections of a ciliated respiratory 
cell exposed to P. aeruginosa suspension showing in B, aggregated bacteria trapped at the 
extremities of cilia (arrows); in C, the presence of a fibrillar material (arrowheads) 
surrounding aggregated bacteria, which appears to establish the interaction between bacteria 
and cilia (arrows); in D, the labeling of the fibrillar material (arrowheads) which surround 
aggregated bacteria with colloidal gold granules, revealing the presence of fibronectin 
secreted by the respiratory cells in culture. 


Although the methods mentioned may allow the distinction of adherent from 
internalized bacteria, the most current test to quantify IC bacteria is the gentamicin 
exclusion assay in which cultured cells previously exposed to bacteria are treated with 
gentamicin to eliminate EC bacteria. Internalized bacteria are not usually affected by the 
antibiotic. Cells are then treated with detergents, such as 0.1% Triton X-100. Dilution and 
plating of cell lysates allow precise quantification of IC microorganisms. !!4 


E. Tissue Culture Models 


Small respiratory tissue fragments, or explants, may be maintained immersed in cell 
culture medium. Under these conditions, ciliated cells maintain their morphological and 
functional characteristics for up to 7 d.88 In tissue culture models, the cut edges of the 
explants should be sealed with molten agar. Explants are then incubated with bacterial 
suspensions for different periods, and rinsed to eliminate nonadherent microorganisms. 
Bacterial adhesion to respiratory cells can be assessed by SEM, TEM, and by viable count 
assays, after cell treatment with detergent to detach adherent bacteria, as described above. 
Alternatively, radiolabeled microorganisms can be used. In this case, bacterial adhesion 
will be assessed by counting the radiactivity associated with the tissues. Cultures of 
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Figure 6. Schematic representation of the tissue culture model with an air—mucosal 
interphase. The respiratory tissue was placed on a strip of filter paper whose edges were 
immersed in culture medium. Bacterial inoculum was minimal. After infection, the tissue 
fragments were processed for electron microscopic observation. 


tracheal rings®34!.!04.115 or of nasopharyngeal tissue!*!-88 have been used to assess the 
bacterial adhesion to epithelial respiratory cells. 

A major disadvantage of the in vitro models used as tools for studying bacterial 
adhesion to respiratory cells is that in vivo the interplay between these cells occurs at an 
air interface. Recently, Tsang et al.!!8 have described a novel tissue culture model to study 
the interaction of P. aeruginosa with adenoid tissue in which bacterial interaction with 
respiratory mucosa occurs in an air—mucosal interphase. This model is more physiologi- 
cal than others in which cells are immersed in culture medium. Moreover, the mucociliary 
system is expected to function as it does in vivo. Briefly, a 3 cm petri dish was placed in 
the center of a 5 cm petri dish (Fig. 6). Cell culture medium was added to the 5 cm petri 
dish. A strip of paper measuring 50x5 mm was soaked in sterile cell culture medium and 
then placed aseptically onto and across the diameters of the two petri dishes. The two 
ends of the filter paper remained immersed in the culture medium. One piece of adenoid 
tissue was placed with its ciliated surface upwards onto the filter paper strip at the center 
of the smaller inner petri dish. Semimolten 1% agar was pipetted around the edge of the 
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adenoid tissue in order to seal its cut edges. Ten microliters of bacterial suspension was 
dropped directly onto the center of the tissue which was incubated in 5% CO, in a 
humidified atmosphere. After different incubation periods, control noninfected and 
infected tissues were fixed and submitted to SEM and to TEM. By using this model the 
authors confirmed 1) the adhesion of P. aeruginosa to respiratory mucus; 2) the inability 
of bacteria to adhere to functionally intact ciliated cells; 3) the bacterial affinity for 
damaged epithelia and for basement membranes; and 4) the bacterial ability to induce 
epithelial damage, characterized by loss of epithelial junctions and cell exfoliation. 

Recently, Jackson et al. compared the interaction of H. Influenzae type b with adenoid 
tissue cultures maintained with an air interface or immersed in medium. They observed 
that bacterial adhesion to mucus and to damaged epithelium was significantly higher in the 
mucosa-air interface model than in immersed tissue cultures. They concluded that immer- 
sion of respiratory tissue during experimental infection can substantially influence the 
results obtained. 


VI. STUDYING BACTERIAL ADHESION TO INJURED 
AND REPAIRING RESPIRATORY EPITHELIUM 


As underlined before, most bacteria rarely adhere to intact and functionally active 
respiratory ciliated cells. In contrast, airway epithelial injury and repair represent key 
moments which favour bacterial implantation within airways. Apart from the bacterial 
products themselves, which may be determinant factors of epithelial damage, bacteria 
may find, during epithelial injury, local conditions that are optimal for adhesion and 
replication. This is particularly the case for opportunistic bacteria such as P. aeruginosa. 
Therefore, when attempting to investigate the pathogenesis of infections by micro- 
organisms that only infect respiratory mucosa previously damaged in some way, it is 
necessary to use an adequate experimental model. Both animal and cell culture models 
have been used to study bacterial adhesion to injured and repairing respiratory 
epithelium. 


A. Animal Models 


In in vivo animal models, the surface epithelium has to be previously damaged in order 
to allow bacterial adhesion. This has been obtained by acid treatment,®! by endotracheal 
intubation,®° by viral infection®*° or even by SO, inhalation.!*8 After injury, animal 
tracheas were filled with bacterial suspensions and adhesion was assessed by the counting 
of the radioactivity associated with tracheal mucosa, when radiolabeled bacteria were 
used, or by treating tracheas with detergents, to detach bound bacteria. Then, bacterial 
adhesion was quantitated by dilution and plating of cell lysates. However, by using these 
two methods to assess bacterial adhesion in animal models of epithelial injury, it is 
impossible to identify, among the many epithelial, mesenchymal, and inflammatory cells 
participating in the wound repair process, which cell phenotypes and molecules are 
specifically responsible for bacterial adhesion. Therefore, bacterial adhesion to animal 
mucosa should rather be assessed by SEM. 


B. Cell Culture Models 


Another approach to studying bacterial adhesion to injured mucosa is the in vitro model 
of the wound repair process described by Zahm et al.!?5 In this model, airway cells 
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Figure 7. Schematic representation of the wound repair model described by Zahm et al.!7° 
and modified by Herard et al.*? Dissociated epithelial respiratory cells were cultured on 
thick type I collagen matrix. (A) When cells reached confluence, a 1 uL drop of 0.1 N NaOH 
was deposited in the cell monolayer and immediately diluted in 1 mL of culture medium. (B) 
The cells which were directly in contact with NaOH desquamated from the collagen gel, 
creating a circular wound of about 30 mm?. The wounded cultures were then rinsed and 
incubated with culture medium. (C) Cells at the edges of the wound spread over the collagen 
gel, to repair the wound. (D) The diameter of the epithelial wound has diminished due to cell 
spreading and migration. 


dissociated from human nasal polyps or from human bronchial tissue are seeded on a 
thick type I collagen gel. When cells reach confluence, a circular mechanical or chemical 
wound (0.1 N NaOH) is made in the center of the culture (Fig. 7, Fig. 8A). Cell cultures 
are then rinsed and reincubated with culture medium. About 2 h after the wound has been 
made, cells edging the wound begin to extrude prominent lamellipodia in the forward 
direction of cellular motion (Fig. 8B), to spread, and migrate over the collagen matrix, 
leading to the progressive closure of the wounded area, which occurs in about 72 h. Within 
24 h after injury, cell proliferation takes place, with a mitotic activity which peaks at 48 h 
after injury and involves 24% of the cells in the repaired area.” 

To identify the factors that determine the P. aeruginosa adhesion to injured respiratory 
mucosa, we have worked on the wound repair model at 24 h after injury has been 
performed. By SEM, we observed the high affinity of bacteria for cells with the 
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Figure 8. Scanning electron micrographs of a wounded epithelial respiratory cell culture. 
(A). Cells in contact with NaOH desquamated, creating a circular wound and uncovering the 
underlying collagen matrix (CM). Arrows point to the edges of the wound. (B). Cells edging 
the wound spread over the collagen matrix (CM). Lamellipodia (arrows) are seen running on 
the matrix. Microvilli usually detected at the cell surface progressively disappeared. Arrow- 
heads point to ciliated cells. (C). Many isolated and aggregated bacteria are seen adherent to 
the spreading cells edging the wound. 


spreading phenotype from the wound borders.’?”4(Fig. 8C) It has been shown by de 
Bentzmann et al.!? that the upper membranes of these spreading cells are particularly rich 
in asialo GM1 residues, a major receptor for P. aeuginosa adhesin whereas Roger et al.?? 
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have very recently shown that besides asialo GM1 residues, also fibronectin and 0581 
integrins mediate P. aeruginosa adhesion to the repairing epithelial respiratory cells. 


C. Xenograft Models 


A denuded tracheal xenograft model was developed to analyze the regeneration 
potential of different animal airway cell subpopulations.» In this model, rat tracheas 
denuded of their surface epithelium by repeated cycles of freezing and thawing were 
seeded with adult airway epithelial cells and were subcutaneously implanted into 
immunodeficient nude mice. Seeded cells adhered to the tracheal ECM, grew, 
differentiated and progressively developed an epithelium similar in morphology and 
function to epithelium from normal proximal conducting airways. With this xenograft 
model it was shown that the regenerative process described in rat tracheas is similar to the 
regenerative process observed after a focal denuding mechanical injury of the respiratory 
mucosa 107-108 

The xenograft model was later adapted to human bronchial epithelial cells,” offering a 
unique opportunity to perform studies on regenerating or on fully-differentiated human 
airway epithelium within an in vivo experimental environment. Using the humanized 
model it was shown that regenerating human airway epithelium is more prone than fully 
differentiated airway epithelium to be transduced by viral gene vectors.** Very recently, 
Dupuit et al.” modified further the tracheal xenograft model by using human nasal 
epithelial cells to mimic the regeneration of human proximal airway epithelium up to the 
fully-differentiated state. 

In a similar model, human fetal tracheas were implanted under the skin of severe 
combined immunodeficiency (SCID) mice.!!6 In these conditions, immature fetal human 
tracheas reached full histological maturation. 

Both tracheal xenograft models described above seem to be very promising in studies 
on bacterial adhesion to normal and to regenerating human respiratory epithelium. 
Tirouvanziam et al.!'’ have recently used the human fetal trachea xenograft model to 
compare the response of respiratory mucosa from cystic fibrosis (CF) patients and from 
non-CF individuals to P. aeruginosa primoinfection. They showed that leucocytes trans- 
migrated more rapidly and massively through CF surface epithelium, exacerbating 
exfoliation of surface epithelial cells, thereby facilitating bacterial access to preferential 
sites of adhesion to basal cells and the basement membranes. 


VII. IDENTIFIATION OF CELL RECEPTORS 
AND BACTERIAL ADHESINS 


After the establishment of the adhesion capability of a given bacterium, the character- 
ization of the molecular nature of the host cell receptors and of bacterial adhesins should 
take place. Many different approaches can be adopted: 


A. Inhibition Assays 


The chemical nature of receptors can be assessed by enzyme or chemical treatment of 
cultured cell monolayers, after fixing with 2% glutaraldehyde in PBS at 4°C, as described 
by St. Geme.!!? Briefly, after fixation, cells were rinsed and treated with 10 mM sodium 
metaperiodate-50 mM sodium acetate and later with 50 mM sodium borohydride in PBS, 
or with 100 um of neuraminidase, or with 50 ug/mL of proteinase K, or with 5 U of 
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peptide-N-glycosidase F. Control untreated and treated cells were then incubated with 
bacterial suspensions and the adhesion was quantitated by the viable count and the radio- 
activity assays. However, before treating the cells, one should ascertain whether cell 
fixation does not interfere with bacterial adhesion, due to the possibility of crosslinking of 
cell receptors by glutaraldehyde, as observed by St Geme and Falkow.!!! 

Receptor active molecules can be further characterized indirectly by inhibition 
experiments in which cultured cells are incubated with defined antibodies!’ or lectins! !? 
prior to the incubation with bacterial suspensions. Alternatively, bacteria can be treated 
with oligosaccharides or glycoconjugates” to prevent attachment in a competitive 
fashion. Inhibition by free ligand and structural analogs, besides defining the receptor 
specificity, may also define the avidity of binding (for review see ref!>). 

The nature of the adhesins can be assessed by bacterial treatment with antibodies raised 
against potential ligands, such as pili,” or by treatment with components purified from 
the bacterial cell.>” 

Although adhesion of bacteria to host cells may depend on the binding of a unique 
bacterial adhesin to a unique host receptor, most frequently bacterial adhesion depends on 
the simultaneous interaction between multiple adhesins with different cell receptors. The 
inhibition of a single pathway therefore may have no effect on overall adhesion or at best 
may produce a partial inhibition. In order to characterize the potential multiple receptor- 
ligands interactions between a pathogen and its host, it is often necessary to reduce the 
complexity by using purified ligands or receptors from one cell and study its binding to or 
its ability to promote adhesion to another cell type. 


B. Bacterial Binding to Immobilized Receptors 


Host cell fractions with potential activity of receptor for bacterial adhesion can be 
extracted from cell membranes, separated in a solid phase and then exposed either to 
purified bacterial adhesins or to bacterial suspensions. Host cell proteins and glyco- 
proteins can be immobilized in nitrocellulose membranes in Western blotting assays,” 
whereas lipids and glycolipids can be separated on silica thin-layer chromatograms.7®!?7 
Potential cell receptors can also be immobilized onto plastic 96-well plates.* Identifica- 
tion of cellular receptors can be assessed by different approaches: 


1. Overlaying of nitrocellulose replica or chromatograms with radiolabeled bacteria. After the 
incubation period, solid supports are rinsed, to eliminate nonadherent microorganisms, and 
submitted to autoradiography and to densitometric analysis.”* 

2. Overlaying of solid supports successively with unlabeled bacteria followed by treatment with 
primary antibacterial antibodies and with secondary antibodies complexed to horseradish 
peroxidase or alkaline phosphatase. Adherent microorganisms are assessed either by incubat- 
ing the solid supports with chromogenic substrates or by the enhanced chemiluminescence 
(ECL) technique, this latter technique being more sensitive than the former. 

3. Overlaying of solid supports with solutions of purified potential adhesins, such as pilin or 
OMPs, which may be unlabeled or labeled with radioisotopes or with biotin. Detection of 
bound adhesins will then be assessed as described above. 


The role of purified potential receptors from host cell membranes in bacterial adhesion 
can also be assessed by ELISA assays.°*®!?’ Briefly, host cell proteins, glycoproteins or 
glycolipids are immobilized on wells from 96-well micotiter plates. After blocking with 
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PBS containing BSA at 1 or 2%, wells are exposed successively to bacterial suspensions 
(or with potential bacterial ligands), to primary antibacteria antibodies and to secondary 
antibodies complexed to horseradish peroxidase or alkaline phosphatase. After addition 
of a chromogenic substrate, bacterial adhesion is quantitated in a microplate reader. 
Alternatively, one can use radiolabeled microorganisms. Quantification of adherent 
bacteria is performed by cutting away each well and placing them in scintillation counters. 

Finally, Amano et al.” have applied the recently developed biomolecular interaction 
analysis (BIAcore) system, involving the use of surface plasmon resonance (SPR), to 
investigate the interaction between bacterial fimbriae and host proteins immobilized onto 
a carboxymethyldextran chip. In the BIAcore system, one interactant is covalently 
immobilized onto a sensory chip whereas the other interactant is kept in solution and 
flows over the sensory chip. This system can detect small changes on or near the chip 
surface by measuring refractive index and can specify which ligands are immobilized. 
The benefits of SPR assay are: 1) direct and real-time observation of the interactions 
without any labeling of the proteins, 2) kinetic analysis to provide rate and affinity 
constants, and 3) screening of unknown interactants in crude samples.” 


VIII. CONCLUDING REMARKS 


The ultimate goal of studies on bacterial adhesion is to understand what molecular 
interactions between host and bacteria occur in vivo and the impact of these interactions 
on disease processes. 

Adhesion of bacterial pathogens to a mammalian cell is usually not a static process but 
rather elicits a response in the targeted cells, which depends ultimately on the kind of 
receptor that is bound. 

Each cell receptor has a limited repertoire of responses, which depend on their 
associated signal transduction systems. Adhesion to plasma membrane receptors may be 
a prerequisite for invasion of an intracellular pathogen.“ For other bacteria, the 
expression of genes for virulence factors may be triggered by the process of contact with 
and adhesion to specific host derived factors.*”°° Adhesion may also elicit epithelial cells 
to produce cytokines,”!* with the possibility of initiating and regulating the mucosal 
inflammatory and immune response.*? It may as well favor the activity of bacterial toxins, 
the intimate contact between bacteria and host cells allowing toxic products to reach 
concentrations sufficient to damage them. Moreover, adhesins may even be toxins which 
may mediate cellular toxicity by presentation of the enzymatically active subunit directly 
to host cell receptors. 

Many bacteria bind to specific carbohydrate structures. Within a given cell, these 
carbohydrate structures determine which of the their many glycoproteins or glyco- 
lipids”? will interact with the bacteria. On the other hand, the noncarbohydrate parts of 
the epithelial cell receptors (either a protein or a lipid), is usually inserted in the 
membrane, and involved directly in specific cell physiological functions (at least in the 
case of glycoproteins). Although the nature of these noncarbohydrate moieties of cell 
receptors is likely to be most important for understanding the effects bacteria have on the 
cell, so far they have seldom been adequately characterized. 

Increased knowledge of cellular response triggered by bacterial adhesion has the 
potential of leading to the development of new generations of antimicrobial drugs that 
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could be more specifically directed towards the molecular events that lead to disease, 
thereby circumventing many of the undesirable side effects encountered with broad- 
spectrum antibiotics.?° Finally, because antibodies to bacterial adhesins have been 
associated with protection from colonization, the identification of relevant adhesins for 
respiratory pathogens raises the possibility they can be used as components of vaccines. 
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I. INTRODUCTION 


Bacterial adhesion to host surfaces is the critical first step in the initiation of infection. 
The ability of different bacterial species to establish infections at particular sites is in 
large part a consequence of their ability to colonize these tissue sites. Selective coloniza- 
tion of host surfaces is often a result of specific bacterial adhesin—host cell surface 
receptor interactions. Binding may occur to the surface directly via specific or non- 
specific interactions, or via bridging ligands. These bridging ligands, usually serum or 
cellular components, contain multiple binding sites that allow them to simultaneously 
bind both bacterial and tissue molecules thus mediating adherence to host surfaces. 

Bacterial adherence to endovascular tissue has become an area of intense interest. The 
ability of bacteria to adhere to and invade endovascular tissue is a major pathogenic 
virulence mechanism that enables these bacterial species to cause a multitude of different, 
potentially life-threatening diseases. There is growing evidence that the endothelium has 
an active role both in the initiation and the progression of the inflammatory response to 
infection. Endothelial cells contribute to regulation of leukocyte transmigration to foci of 
infection, changes in vascular permeability and tone, the release of cellular cytokines and 
the expression of surface molecules such as Fe receptors.” As a result, alterations of the 
endothelium contribute to the clinical manifestations of such diverse syndromes as sepsis, 
vasculitis and meningitis. The present discussion reviews studies describing the inter- 
action of different bacterial species with endothelial cells and the methods used to 
investigate these interactions. Because of our particular interest in staphylococcal- 
human endothelial cell interactions, many of the methods discussed in the later sections 
are based on studies performed with this pathogen. 


II. THE ADHERENCE OF DIFFERENT BACTERIAL SPECIES 
TO ENDOTHELIAL CELLS, IN VITRO 


The ability of different bacterial species to adhere to endothelial cells varies. Those 
pathogens capable of adhering, are also the ones associated with endovascular infections 
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Figure 1. Adherence of bacterial blood culture isolates to human umbilical vein endothelial 
cells after a 2 h incubation at 37°C. The average initial bacterial inoculum was 2.2x108 
colony forming units/mL.”? Reprinted with permission of the American Society for 
Microbiology. 


such as infective endocarditis. Ogawa et al.” demonstrated that the clinical blood culture 
isolates most commonly associated with acute infective endocarditis, such as 
Staphylococcus aureus, were also the ones that demonstrated the highest adherence to 
human endothelial cells in an adherence assay (Fig. 1). This section reviews in vitro 
studies that examine the ability of different bacterial species to adhere to and invade 
endothelial cells. These species utilize a variety of ligands to attach to the endothelial cell 
surface. In many instances binding involves more than one adhesin-receptor interaction. 
This redundancy of adhesins ensures the ability of these strains to adhere. There is 
presently limited understanding of the molecular mechanisms involved in bacterial 
adhesion to and invasion of these cells. 

Bartonella henselae colonization of vascular surfaces may cause tumorlike growth with 
endothelial cell proliferation. This fastidious Gram-negative bacillus has been 
associated with bacillary angiomatosis, parenchymal bacillary peliosis, cat scratch 
disease and bacterial endocarditis. The cell surface aggregation and subsequent 
engulfment of this organism apparently utilizes a unique mechanism that involves 
bacterial clumping followed by internalization by an endothelial cell structure termed an 
“invasome.” This process occurs over 24 h rather than minutes and appears to be an actin- 
dependent process. The bacterial adhesin and the cellular receptor mediating 
internalization are unknown.!! 
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Borrelia burgdorferi is the causative agent of lyme disease which is the most prevalent 
vector-borne illness in the United States. B. burgdorferi produces extracellular vesicles 
that contain different subsets of the outer surface proteins on their surfaces. Lipoproteins 
OspA and OspB are contained in these blebs, and mediate attachment to endothelial cells. 
These blebs can competitively inhibit B. burgdorferi from binding to endothelial cells.** 
Coburn et al. report that &(v)B3 and «581 integrins are the endothelial cell receptors for 
B. burgdorferi. 

Escherichia coli is the most common cause of Gram-negative bacterial meningitis 
during the neonatal period. E. coli K1 does not invade systemic endothelial cells, but does 
bind to and invade brain microvascular endothelial cells suggesting that they have a 
specific affinity for this endothelial cell type. The E. coli Outer Membrane Protein A 
(OmpA) specifically interacts with GleNAcB1-4GlcNAc epitopes on brain micro- 
vascular endothelial cells.*! S fimbriae also appear to facilitate bacterial adherence.*° 

Listeria monocytogenes is one of the major pathogens that causes bacterial meningitis 
in infants and the elderly. Immunocompromised individuals can become infected and 
undergo bacteremia, sepsis, abortion, meningitis, and encephalitis. Greiffenberg et al.!8 
reported that InlIB (a 65-kDa protein) is responsible for binding to and invasion of 
microvascular endothelial cells. The endothelial cell receptor is unknown. 

Mycobacterium tuberculosis infects one third of the world’s population, and is the cause 
of devastating disease world wide. M tuberculosis and M. smegmatis both have a polar 
phosphatidylinositol mannoside on their surfaces. Hoppe et al.!° suggest that this 
component is coated by a serum opsonin, the mannose-binding protein that mediates 
adherence to endothelial cells. 

Neisseria meningitidis is a Gram-negative extracellular pathogen responsible for 
meningitis and septicemia. Virgi et al.4!4* have suggested that the PilC-expressing 
N. meningitidis binds a serum component that in turn binds to o(v)B3 integrin on the 
endothelial cells. Thus a trimolecular complex may drive neisserial invasion. The corre- 
sponding endothelial receptor is not known. 

Porphyromonas gingivalis is associated with periodontitis, a major cause of tooth loss 
in the adult population. It has also recently been associated with cardiovascular disease 
and preterm delivery of low birth weight infants. The major fimbriae protein is required 
for both adherence to and invasion of endothelial cells. The host cell receptor is not 
known. !? 

Rickettsia rickettsii are responsible for the systemic disease Rocky Mountain Spotted 
Fever. A major clinical manifestation of this disease is vasculitis. In vitro studies have 
demonstrated that the rickettsia entry of endothelial cells requires both cellular and 
bacterial participation. 

Staphylococcus aureus causes a diversity of diseases that range from minor skin and 
soft tissue to life-threatening systemic infections including endocarditis and sepsis. 
S. aureus adheres to endovascular tissue and endothelial cells more avidly than other 
bacterial species (Fig. 1).!7?° Several candidate staphylococcal surface proteins that bind 
endothelial cells have been identified, although their functional role has not been further 
defined.*°° Endothelial cell receptors for staphylococci have also not been well 
characterized. A 50 kDa endothelial cell membrane protein that binds staphylococci has 
been partially characterized.*” Cheung et al. have found that fibrinogen appears to act as 
a bridging ligand enhancing staphylococcal adherence to endothelial cells. 
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Streptococcus agalactiae (group B streptococci) are the most common cause of 
meningitis in human newborns, with an incidence of 1.8 to 3.2 cases per 1000 live births, 
and are associated with significant morbidity and mortality. These bacteria gain access to 
the central nervous system by crossing the blood-brain barrier. Serotype 3, the type most 
commonly associated with meningitis, is also the most efficient invader of human brain 
microvascular endothelial cells.2® The bacterial adhesin is not known, but the endothelial 
cell receptor has been proposed to be complement S protein (vitronectin).°” 

Streptococcus gordonii gains access to the microcirculation through breaks in the oral 
mucosa. Once circulating in the blood, the bacteria may adhere to and damage the 
endothelium causing endocarditis. A single adhesin protein of 153 kDa (a surface- 
localized glucosyltransferase) has been identified as the adhesin responsible for 
streptococcal adherence to human umbilical vein endothelial cells. Antibodies against the 
purified protein inhibited adherence.** 

Streptococcus pneumoniae colonizes the nasopharynx of up to 40% of healthy adults, 
can cause pneumonia, otitis media, sepsis, meningitis, and in developing countries is the 
most frequent cause of bacterial pneumonia among children and adults.”?* Pneumococci 
bind both to resting and activated endothelial cells. Pneumococci bind to resting 
endothelial cells by attaching to GalNAcB1-4Gal and GalNAcB1-3Gal. The associated 
bacterial adhesin is not known. The activation of endothelial cells results in a dramatic 
increase in pneumococcal binding. Activated endothelial cells upregulate expression of 
platelet-activating factor (PAF) and PAF receptor. Phosphorylcholine on the pneumo- 
coccal surface then binds to the PAF receptor on the activated host cells.!° 


I. ENDOTHELIAL CELL TYPES 


Primary tissue culture systems have been used to investigate bacterial adherence to 
endothelial cells. Human tissue culture monolayers are easy to work with, can be 
maintained under controlled conditions, and are relevant to human disease. Several 
different systems will be discussed. In tissue culture, endothelial cells exhibit Weibel- 
Palade bodies, and grow in monolayers with a typical cobblestone morphology. 
Endothelial cell differentiation is in large part determined by the local tissue micro- 
environment. Therefore cells derived from different sites can vary dramatically in both 
structural and functional properties. The nature of the intercellular junctions vary 
depending on the source of the endothelial cell as do the synthesis of cytokines, 
proteoglycans and surface receptors.!>-+4 Traditionally endothelial cells have been 
cultured from umbilical vein endothelial cells, pulmonary arteries, saphenous veins as 
well as other tissue sites. Cells can be maintained in tissue culture for multiple passages, 
however with long-term passage there is a tendency for these cells to undergo 
dedifferentiation with loss of many of their characteristic properties.!> 

The growth conditions of the endothelial cells also has an effect on the susceptibility of 
these cells to bacterial infection. Blumberg et al.° demonstrated that the absence of acidic 
fibroblast growth factor increased cellular susceptibility to infection. Others have shown 
that the presence of serum components or stimulation of cells with cytokines such as 
tumor necrosis factor also alters susceptibility to infection.°” 

Stably transformed endothelial cells are also available. These cells maintain acceptable 
levels of differentiation while removing the variability of the differing genetic makeup of 
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Table 1. Endothelial Cells Currently Used in In Vitro Studies 


1. Bovine Aortic Endothelial Cells (BAEC) — can be acquired from the NIA. Aging Cell 
Culture Repository, Coriell Institute for Medical Research. 

2. Brain Microvascular Endothelial cells (BMEC) — can be isolated by the method of Stins 
et al.3435 They can also be immortalized by transfection with simian virus 40 large T antigen 
while maintaining their morphologic and functional characteristics. 

3. EA-hy926 — endothelial cells are the result of a fusion of human umbilical vein endothelial 

cells (HUVEC) and a human adenocarcinoma cell line. They are reported to maintain accept- 

able differentiation. 

. Fetal Bovine Heart Endothelial Cells (FRBHEC) — are available from ATCC. 

. Human Saphenous Vein Endothelial Cells (HSVEC) — can be isolated by the method of 

Klein-Soyer et al.” 

6. Primary Human Umbilical Vein Endothelial Cells (PHUVEC) — can be isolated by the 
method of Gordon et al.!° These cells are a mainstay of tissue culture systems since they can 
be easily isolated from discard tissue. They can be grown easily and can be reliably used 
for up to 6 passages (see Table 2). These cells are now available from the ATCC. 

7. Lung Microvascular Endothelial Cells (LmyEC) — can be isolated by the method of Meyrick.”” 
Pulmonary Artery Endothelial Cells (PAEC) — may be isolated by the method of Schwartz.*” 


n A 


the primary culture cells’ donors. Transformation may, however, alter other cellular 
characteristics. A listing of different endothelial cell types currently used in different 
adherence assays is shown in Table 1. Table 2 outlines a method for the isolation and 
passage of human umbilical vein endothelial cells in tissue culture. Although monolayer 
systems are immensely useful, they have limitations for the study of host—bacterial 
interactions. When infecting a human endothelial cell, bacteria must interact with 
multiple layers of cells. This is not the case with most in vitro adherence assays. There 
are, however, several models that permit the investigation of more complex systems. 
Biegel et al. developed a system of growing brain microvessel endothelial cells on 
collagen gels over transwell filters, that permits study of blood-brain barrier physiology 
and central nervous system inflammation. Birkness et al. developed a system that permits 
investigation of bacterial interactions with multiple cell layers and types. Alston et al.! 
demonstrated that endothelial cells grown on extracellular matrix synthesized by 
S. aureus-infected endothelial cells become more susceptible to subsequent staphylo- 
coccal infection. 


IV. METHODS OF MEASURING BACTERIAL ADHERENCE 
TO ENDOTHELIAL CELLS 


This section will review in vitro methods for measuring bacterial adherence to 
endothelial cell monolayers. The specificity of the binding interaction is often determined 
by measuring whether adherence is saturable in a dose and time dependent manner. As 
noted above variations in the growth conditions of the endothelial cells can have 
significant effects on bacterial adherence. It is therefore important to maintain standard 
culture conditions for the performance of these assays. In addition, alterations of the 
bacterial growth conditions will also affect adherence. For example, S. aureus in the 
logarithmic growth phase are more adherent than bacteria in the stationary phase of 
growth. Finally the conditions of the adherence assay are also critical. Elliott et al.!° found 
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Table 2. Method to Isolate and Passage Human Umbilical 
Vein Endothelial Cells (HUVEC) 


A. ISOLATION OF HUVEC FROM UMBILICAL CORDS 


1. Coat 3.5 cm tissue culture plates with 0.2% gelatin. Leave at room temperature for 15 min 
and then remove the gelatin. 

2. Wipe blood off the outside of the umbilical cord with sterile gauze. Cut off the ends the of 
cord with a razor blade. Attach a female cannula adapter to one end of the umbilical vein and 
secure with a tie. Flush the vein once with 20 mL 37°C sterile saline. 

3. Attach a male cannula adapter to the other end of the umbilical vein and secure with a tie. 
Flush the vein once again with 20 mL 37°C sterile saline. 

4. Fill the vein with as much collagenase (37°C) as the cord can hold. Clamp both ends with 
forceps. Place in a beaker containing warm saline and incubate at 37°C for 10 min. 

5. Flush the vein once with 20 mL (37°C) saline to collect the endothelial cells from the vein. 

6. Spin cells at 1000 rpm for 5 min. Discard the supernatant and resuspend the pellet in 3 mL of 
37°C complete medium. 

7. Transfer to a gelatin coated plate. Change the medium every day until the cells become 
confluent. 


B. PAssAGE or HUVEC 


. Coat 10 cm tissue culture plates with 0.2% gelatin as outlined above. 

. Wash the HUVEC 3 times with Hank’s Balanced Salt Solution without Ca** or Mg++. 

Add 37°C trypsin (0.05% + 0.53 M EDTA) to the cells. Incubate at 37°C for 10 min. 

Add complete medium to inactivate trypsin and then transfer the suspension to a 15 mL 
conical tube. Spin the cells at 1000 rpm for 5 min. Discard the supernatant. 

5. Resuspend the cell pellet in 10 mL 37°C complete medium. Plate 5 mL of cells into gelatin- 
coated 100x20 mm plates. 


Pe 


C. REAGENTS 


1. Collagenase (2 mg/mL) 
45 mL distilled H,O 
5 mL 10X HEPES buffer, pH 7.5 
Add 100 mg collagenase (stir @ 4°C until in solution). 
Filter through a 0.22 um filter 
2. Complete Medium: per 100 mL 
74 mL M199 
0.1 mL Ascorbic acid (50 mg/mL) 
0.1 mL Heparin (25 mg/mL) 
0.8 mL Glutamine (Gibco) 
1 mL pen/strep (Gibco) 
0.25 mL Sigma growth factor (15 mg in 5 mL M199) 
5 mL Human serum (Biocell) 
20 mL Newborn calf serum (Gibco BRL) 
3. M199: per 1 L 
1 package of M199 powder (Gibco BRL + 900 mL distilled HO) 
2.2 g NaHCO; +15 mL 1 M HEPES (pH 7.4) 
pH to 7.0-7.2 
Add distilled H,O to 1 L 
Filter through 0.22 um. 
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Table 3. Bacterial Infection Assay” 


1. Seed endothelial cells into tissue culture plates (4 to 96 well sets) and allow the cells to grow 
to confluence. Prior to the experiment determine the number of endothelial cells in several 
wells from each plate. There should be limited variability in cell counts between wells. 

2. Select a single bacterial colony, inoculate in appropriate broth, and grow overnight. Wash 
bacteria and adjust to appropriate density by optical density. 

3. Inoculate bacteria resuspended in the endothelial cell growth media minus antibiotics 
(e.g., Medium 199) to the confluent endothelial cellmonolayers. Incubate for 30 to 120 min 
at 37°C in 5.5% CO}. 

4. Following incubation, the nonadherent bacteria are removed and the cell surfaces washed 
three times with endothelial cell growth media. 

5. The cells and adherent bacteria are lifted with trypsin (or with a solution of 0.5% triton X-100 
in distilled water). For staphylococci, the endothelial cells are ruptured by incubation in 
distilled water for 5 min. 

6. The bacteria are then serially diluted and plated into appropriate agar. The number of 
colonies are counted after 48 h. 

7. Results are expressed as the number of bacteria per well or the number of bacteria per 
endothelial cell. 


in one assay that a glycoprotein in the bacterial growth media (Casamino Acids—Yeast 
Extract) passively adsorbed to the bacteria and significantly reduced adherence to 
endothelial cell monolayers. 


A. Bacterial Adherence Assay 


A standard adherence assay first described by Ogawa et al.”? is outlined in Table 3. 


Radioactively-labeled bacteria ({*H]-thymidine) have also been used as an alternative 
method to measure adherence.”? The latter assay is less labor intensive, however it is also 
less sensitive than the method outlined in Table 3. A third method for counting bacteria is 
to make the bacteria visible and then microscopically count adherent bacteria. Both 
Giemsa stain and acridine orange have been used to identify adherent bacteria. This is a 
fast technique that, in the case of some stains (e.g., acridine orange) may be used without 
killing the endothelial cells or the bacteria. Thus time-dependent measurements may be 
made. The disadvantages include the labor intensive nature of obtaining sufficiently large 
sample sizes. This type of assay provides more qualitative than quantitative data and as 
such is often used as a screening assay. 


B. Scanning Electron Microscopy (SEM) 


The techniques of SEM are beyond the scope of this chapter (Hunter et al.” is 
recommended for further reading), but this is a common approach. The limitations of 
SEM are similar to those described above for other microscopic evaluations. However, 
SEM observations can provide important insights into the nature of early events of 
infection and allow visualization of the different steps in the invasion pathway. 


C. Bacterial Internalization Assay 


In addition to adhesion, many bacteria are internalized by endothelial cells. This has, to 
date, been an in vitro observation for many bacterial species, however it is likely that a 


494 Elliott and Lowy 


similar process occurs in vivo as well. The pathway used by bacteria to traverse the 
endothelium and gain access to adjacent tissues remains poorly defined. Measurement of 
the rates of internalization versus adherence of bacteria relies on the use of agents that are 
bactericidal but are not internalized by endothelial cells. One method to measure the rate 
of endothelial cell internalization of bacteria is described below. 

The initial steps in the assay are as outlined in Table 3. After nonadherent bacteria are 
removed and the cell surfaces washed, gentamicin (100 g/mL) is added for 30 min 
at 37°C. This antimicrobial agent will kill susceptible extracellular bacteria. Other anti- 
microbial agents may be used if the bacterial strain is not gentamicin-susceptible. Intra- 
cellular bacteria are unaffected because gentamicin achieves minimal intracellular 
concentrations. Following this step, the remainder of the assay is unchanged. By 
measuring the number of total and internalized bacteria one can also calculate the number 
of adherent bacteria. 


D. Identification of Bacterial Adhesins 


Techniques to identify the specific bacterial adhesins responsible for attachment to 
eukaryotic cells include the use of molecular techniques such as transposon mutagenesis 
or biochemical methods such as protein purification followed by inhibition assays using 
purified protein or antibody. A further discussion of these techniques is beyond the scope 
of this chapter. 
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I. INTRODUCTION 


It had long been held that the acidic gastric environment is deadly to microorganisms, 
and that a stomach with normal acid secretion is sterile. Thus, gastric microbiology had 
unfortunately been neglected until Warren and Marshall cultured and identified 
Helicobacter pylori (initially called gastric Campylobacter-like organisms, 
Campylobacter pyloridis and then Campylobacter pylori). It is now confirmed that two 
Helicobacter species, H. pylori and H. heilmannii (originally named Gastrospirillum 
hominis) colonize the human gastric epithelium and are associated with gastritis and other 
gastric diseases. However, H. heilmannii has not been cultured.’® Thus, the adhesive 
properties of H. heilmannii are unknown. Other bacteria and fungi are occasionally 
isolated from gastric specimens. However, it is not confirmed whether these micro- 
organisms colonize the human gastric epithelium. Accordingly, we will review the 
adhesive properties of H. pylori to human gastric epithelium in this chapter. 


II. BIOLOGICAL AND PATHOLOGICAL SIGNIFICANCE 
OF H. PYLORI ADHESION 


H. pylori is a Gram-negative, spiral-shaped rod that colonizes human gastric epithe- 
lium. In humans, H. pylori plays a causal role in chronic gastritis and peptic 
ulcers,?!76 and is an important factor in the occurrence of gastric cancer and gastric 
mucosa-associated lymphoid tissue lymphoma.!*-7> H. pylori is isolated with high 
frequency from gastric biopsy specimens obtained from the patients with these diseases, 
but is rarely isolated from other specimens. This suggests natural H. pylori infection is 
specific to human gastric mucosa. 

The adhesion of H. pylori to human gastric epithelium is the initial step of H. pylori 
colonization, and is mediated through the interactions between H. pylori adhesins and 
host cell receptors. H. pylori that is unable to adhere to gastric mucosa tends to be rapidly 
removed by shedding of surface epithelial cells and the mucous layer. Thus, adhesion is 
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essential for the maintenance of H. pylori colonization. In mucosal infections, the 
epithelium that the bacteria colonize is generally dependent on their adhesive properties. 
For example, Escherichia coli isolates from urine of patients with urinary tract infections 
are highly adhesive to urinary tract epithelial cells. Thus, the specificity of H. pylori 
infection to human gastric mucosa could be determined by the adhesive properties of 
H. pylori. 

The adhesion of H. pylori is closely related to its pathogenicity. H. pylori adherent to 
epithelial cells induces mucosal injury by direct and indirect mechanisms. H. pylori 
scarcely invades the epithelial barrier,+! but produces a vacuolating cytotoxin (VacA).> 
Furthermore, H. pylori adhesion induces mucosal immune response, which causes chronic 
inflammation and mucosal injury.+® Aihara et al. have reported that the adhesion of live 
H. pylori to gastric epithelial cells induces the production of interleukin-8, a cytokine 
which is a potent activator and chemotactic agent for neutrophils.! Segal et al. have 
reported that H. pylori adhesion to gastric epithelial cells induces effacement of microvilli, 
pedestal formation, cytoskeletal rearrangement, and tyrosine phosphorylation of host cell 
proteins at the site of adherence. This indicates that the effect of H. pylori adhesion on 
gastric epithelial cells is similar to that of enteropathogenic E. coli. 

Accordingly, in developing strategies against H. pylori infection, it is important to 
analyze the mechanism of H. pylori adhesion, especially the interaction between H. pylori 
adhesins and receptors. Inhibition of adhesion would be an ideal target for the prevention 
of H. pylori colonization. 


II. ANALYSIS OF H. PYLORI ADHESION IN VITRO 


It is difficult to analyze the adhesion of H. pylori to gastric epithelial cells in vivo. 
Thus, several methods to analyze H. pylori adhesion in vitro have been developed.!’ Here, 
we review the results obtained by in vitro experiments. 


A. H. pylori Adhesion to Erythrocytes 


Many microorganisms adhere to erythrocytes, which can be conveniently obtained from 
a variety of animals. The bacterial adhesion to erythrocytes can be estimated semi- 
quantitatively with the hemagglutination (HA) test. This test is widely used for analysis 
of bacterial adhesion and was initially used on H. pylori adhesion.!3 Most H. pylori strains 
adhere to human, guinea-pig, rabbit and sheep erythrocytes. However, H. pylori adhesion 
mechanisms differ in erythrocytes and gastric epithelial cells. Thus, the HA test is not 
suitable for the analysis of H. pylori adhesion to human gastric epithelial cells. 


B. H. pylori Adhesion to Tissue Sections 


A histological method is also used to analyze bacterial adhesion to tissue.’ In the 
analysis of H. pylori adhesion, tissue sections of gastric biopsies are used as targets. 
Fluorescein-isothiocyanate-labeled H. pylori is added to the section. After incubating 1 h 
at room temperature, nonadherent bacteria are removed by washing. Binding of H. pylori 
to gastric epithelial cells can be observed with a fluorescence microscope. This method is 
suitable for distribution analysis of bacterial receptor molecules in host tissue. It is, 
however, difficult to accurately quantify the bacteria adhering to tissue by using this 
method. 
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C. H. pylori Adhesion to Primary Cultured Cells 


Primary gastric epithelial cells, isolated from humans and other animal species, are 
occasionally used for the analysis of H. pylori adhesion. H. pylori can adhere to gastric 
epithelial cells in primary cultures obtained from mice, rats, Mongolian gerbils, guinea 
pigs, pigs, and cynomolgus monkeys.*4 However, H. pylori adhesion to primary cultured 
gastric epithelial cells varies greatly among these animals. H. pylori adheres well to 
epithelial cells from monkey and pig gastric antra. Conversely, H. pylori only weakly 
adheres to fundic epithelial cells from monkeys and pigs and to gastric epithelial cells 
from the other animals. 

H. pylori also adheres to primary gastric epithelial cells isolated from humans.? 
Endoscopic examinations are necessary to obtain human gastric epithelial cells, therefore 
it is difficult for the laboratory analyst to use primary cultured human gastric epithelial 
cells. 


D. H. pylori Adhesion to Cell Lines 


Established cell lines in tissue culture have been used for the analysis of bacterial 
adhesion. MKN-28, MKN-45, KATO III and AGS cells, derived from human gastric 
carcinomas, are used as target cells for the analysis of H. pylori adhesion.'**4° The 
mechanisms of adhesion may differ between these cells and normal human gastric 
mucosal cells but as normal human gastric mucosal cells are not available for laboratory 
adhesion assays, these cell lines are commonly used for the analysis of H. pylori 
adhesion. 

H. pylori also adheres to human cervical epithelial HeLa cells, human laryngeal epithe- 
lial HEp-2 cells,!5 human embryonic intestine INT-407 cells, and mouse adrenal Y-1 
cells.!4 These adhesive properties suggest that H. pylori adhesion is not specific to human 
gastric epithelium. 


IV. METHODS TO QUANTIFY H. PYLORI ADHESION 


It is necessary for further analysis to estimate quantitatively H. pylori adhesion. 
Several different methods of quantifying H. pylori adherence to target cells have been 
developed. Here, we review the utilities of these methods. 


A. Microscopic Method 


The standard method to quantify bacterial adhesion to target cells is performed by 
counting the number of bacteria binding to target cells under a light microscope.!7*4 
Bacteria are visualized with Giemsa staining or immunostaining. However, this method 
demands much effort of investigators and thus it is not suitable for screening the adhesion 
activities of many H. pylori strains. 


B. Viable Count 


This method counts the number of viable bacteria adherent to target cells.'7?? Target 
cells and adherent H. pylori are harvested from a tissue culture plate by treatment with 
trypsin. Cells and bacteria are washed and collected by centrifugation, suspended in 
sterile distilled water, and vortexed vigorously to break down the cells and disperse the 
bacteria. The suspension is 10-fold serially diluted in sterile distilled water, and each 
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Figure 1. The correlation between ELISA and microscopic method. Fifty six H. pylori 
strains were assayed by using both methods. The correlation between the results obtained by 
ELISA and microscopic method was evaluated by Spearman’s rank correlation. 


dilution is inoculated onto a 5% horse serum-supplemented brain-heart-infusion agar 
plate. Plates are incubated at 37°C under microaerophilic conditions for 3 to 4 d, and then 
the numbers of H. pylori colonies on the plates are counted. In this method, adherent 
bacteria are scored as colony-forming units. However, this method is time-consuming 
and complicated. Furthermore, some of the organisms would become nonculturable dur- 
ing the procedure under the usual atmosphere so this method is rarely used for the analy- 
sis of H. pylori adhesion. 


C. Flow Cytometry 


Flow cytometry is also used for the analysis of H. pylori adhesion.!**” This method can 
analyze quantitatively and exactly H. pylori adhesion to target cells. When analyzing 
H. pylori adhesion by flow cytometry, target cells must be dispersed and suspended in 
sample fluid. However, normal gastric epithelial cells form cell-cell junctions and 
construct gastric epithelium in vivo, which indicates the manner of H. pylori adhesion to 
the dispersed cells may be different from that to normal human gastric epithelium. 


D. ELISA 


To solve the problems of the methods described above, we developed a rapid and simple 
method to quantitatively analyze H. pylori adhesion by utilizing enzyme-linked 
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immunosorbent assay (ELISA).”* This method used gastric epithelial cells grown in a 
96-well tissue culture plate as target cells. The amount of H. pylori adhering to target cells 
was quantified per well through use of indirect enzyme-labeled antibody technique. This 
method can estimate adhesion activities of many H. pylori strains at one time. 

Details of our ELISA are described here. Target cells are washed often in this 
procedure so cells which easily detach from tissue culture plates during washing are not 
suitable for this method. MKN-28 and MKN-45 cells are relatively resistant to washing 
thus were selected as target cells. The target cells were suspended at a concentration of 
3x10° cells/mL in RPMI-1640 medium (ICN Biomedicals, Costa Mesa, CA, USA) 
containing 10% fetal calf serum, penicillin G (100 units/mL) and streptomycin 
(0.1 mg/mL). For the assay, 100 uL of cell suspension was placed in each well of a flat- 
bottomed 96-well tissue culture plate (FALCON 3072; Becton Dickinson, Lincoln Park, 
NJ, USA), and the plate was incubated at 37°C under 5% CO, for 2 d. After the target 
cells formed confluent monolayers, the medium was decanted from the microplates. The 
plates were then washed three times with 10 mM phosphate-buffered saline (PBS; 
pH 7.4), 100 uL of H. pylori suspension (10° bacteria/mL) was added to each well, and 
the plates were incubated at 37°C under 8% CO, for 90 min. The plates were then washed 
three times to remove nonadherent H. pylori, 100 uL of 8% paraformaldehyde was 
added to each well, and adherent H. pylori and cells were fixed at 4°C for 60 min. After 
washing, 100 uL of 1% H,O, in methanol was added to each well and the plates were 
incubated at room temperature for 10 min, inactivating the endogenous peroxidase. After 
washing, 100 uL of rabbit anti-H. pylori polyclonal antibody (10 ug/mL) was added to 
each well and the plates were incubated for 2 h at 37°C. After washing, 100 uL of peroxi- 
dase-conjugated goat anti-rabbit immunoglobulins (Wako Chemicals, Osaka, Japan) 
diluted 1:1000 in PBS was added to each well and the plates were incubated for 2 h at 
37°C. After the final wash, 100 uL of o-phenylenediamine (0.4 mg/mL) in 100 mM citrate- 
phosphate buffer (pH 5.0) containing 0.02% H,O, was added to each well and the plates 
were incubated at room temperature for 15 min. The reaction was terminated by adding 
50 uL of 2 M H,SO,. The optical density (OD) of the reaction was measured at 490 nm 
with a microplate reader (Model 3550 EIA Reader; Bio-Rad, Richmond, CA, USA). The 
OD indicates the amount of H. pylori adhering to the target cells. 


E. Comparison Between ELISA and Microscopic Method 


We compared our established ELISA to the standard microscopic method. In this 
experiment, MKN-28 cells were used as target cells. A strong correlation between our 
ELISA and the microscopic method is shown in Figure 1. These results indicate that the 
value obtained by ELISA represents the amount of H. pylori adherent to target cells. The 
comparison between reproducibility of ELISA and microscopic method is shown in 
Figure 2. The ELISA method was consistently reproducible, whereas the results obtained 
by microscopic method varied widely. These results suggest that our established ELISA 
method is well suited for the analysis of H. pylori adhesion. 


V. DIVERSITY OF H. PYLORI ADHESION 


We assayed adhesion activities of 56 H. pylori strains, obtained from 19 patients with 
chronic gastritis, 18 patients with gastric ulcer, 9 patients with duodenal ulcer, and 
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Figure 2. Reproducibility of ELISA and microscopic method. These results were obtained 
with the strain that had the highest adhesion activity. This strain was tested ten times, and 
each point indicates the result of each test. Bars indicate the mean+SD of ten tests. 


10 patients with gastric cancer, by ELISA. MKN-28 cells were used as target cells. The 
results are shown in Figure 3. H. pylori is known to have a strain diversity in its patho- 
genetic factors, such as the production of VacA and the induction of inflammatory 
cytokines.>-!° Our results indicate that H. pylori has a large strain diversity in adhesion 
activity as well. However, there were no significant differences in H. pylori adhesion 
activity between chronic gastritis, gastric ulcer, duodenal ulcer, and gastric cancer strains. 
These results suggest that the specific relation was not observed between adhesion 
activity and H. pylori-related clinical results. 


VI. H. PYLORI ADHESINS AND RECEPTORS 


Several adhesins of H. pylori and their host tissue receptors, have been identified (Table 1). 
The receptor—adhesin interaction plays an important role in H. pylori adhesion to 
human gastric mucosa. The representative adhesins are described below. 


A. Hemagglutinins 


H. pylori has at least two hemagglutinins and shows hemagglutinating activity in vitro. 
One is the 25-kDa protein (HpaA) identified by Evans et al.!© This protein forms a 
fibrillar structure and recognizes N-acetylneuraminyllactose in erythrocytes.!* The gene 
hpaA, which codes for this hemagglutinin, is found in all clinical isolates. However, a 
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Figure 3. Adhesion activities of 56 H. pylori strains to MKN-28 cells. Bars indicate the 
mean+SD of each group. Differences among chronic gastritis, gastric ulcer, duodenal ulcer 
and gastric cancer were evaluated by two-tailed unpaired Student’s t-test. NS, Not 


significant. 


Adhesins 


25-kDa hemagglutinin (HpaA) 
63-kDa exoenzyme S-like adhesin 


19.6-kDa protein 
25-kDa protein 


75-kDa Lewis>-binding adhesin (BabA) 


61-kDa protein 
16-kDa protein 


59-kDa hemagglutinin 
60-kDa heat shock protein 


Table 1. Helicobacter pylori Adhesins and Receptors 


Receptors 


N-acetylneuraminyllactose 


Phosphatidylethanolamine 
Gangliotriaosylceramide 
Gangliotetraosylceramide 
Laminin 

Laminin 


H-1, Lewis? blood group antigens 


H-2, Lewis, Lewis? blood group antigens 


Lewis* blood group antigen, mucin 


GM3, lactosylceramide sulfate 
GM3, sulfatide 
Heparan sulphate 
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mutant defective for this gene can adhere to gastric epithelial cells. Thus, HpaA may not 
be essential for H. pylori adhesion to gastric epithelium.'® Another hemagglutinin is the 
59-kDa protein, but the receptor specific to this protein is unknown.°? 


B. Exoenzyme S-Like Adhesin 


Lingwood et al. have reported that H. pylori binds to phosphatidylethanolamine, 
gangliotriaosylceramide and gangliotetraosylceramide.*°? The binding specificity of H. 
pylori to these lipids is similar to that of Pseudomonas aeruginosa. Exoenzyme S is an 
important adhesin of P. aeruginosa. Monoclonal antibodies to exoenzyme S react with a 
63-kDa protein of H. pylori. This 63-kDa exoenzyme S-like protein inhibits 
competitively H. pylori binding to phosphatidylethanolamine in vitro.*° This suggests that 
the 63-kDa exoenzyme S-like protein is the adhesin which is responsible for the lipid- 
binding specificity of H. pylori. 


C. Le’-Binding Adhesin 


Borén and colleagues found that the fucosylated blood group antigens Lewis? (Le?) 
and H-1 mediate H. pylori adhesion to human gastric epithelial cells.’ Furthermore, they 
identified Le>-binding adhesin (BabA).*! The fucosylated blood group antigens are 
associated with blood group O phenotype. Borén et al. speculated that this finding 
explains epidemiological observations that individuals of blood group O phenotype run a 
greater risk for developing gastric ulcers.’ However, this hypothesis is still controversial. 


D. Lipopolysaccharide 


Lipopolysaccharide (LPS) is an outer membrane constituent of Gram-negative 
bacteria. Valkonen et al. have reported that H. pylori LPS binds to laminin and plays an 
important role in adhesion.’! However, endotoxic activity of H. pylori LPS is very low.* 


E. Perspectives of H. pylori Adhesins and Receptors 


H. pylori has several adhesins which have respective receptors in host tissue. Thus, H. 
pylori adhesion to human gastric epithelium will be due to several combinations between 
H. pylori adhesins and their receptors. However, the role of each molecule in H. pylori 
adhesion has not been analyzed. Furthermore, host receptor molecules (Table 1) are 
expressed in various tissues besides gastric epithelium, which suggests that H. pylori 
adhesion is not specific to gastric epithelium. 

H. pylori adhesins and receptors might competitively inhibit adhesion. For example, 
hemagglutinins described above can inhibit H. pylori adhesion to erythrocytes. !3° 
H. pylori pretreated with Le? antigen cannot adhere to human mucosal tissue in situ, in 
which the terminal fucose of Le? antigen is essential.’ However, adhesion-related epitopes 
of other molecules are not analyzed enough. 

It is very important to analyze the molecular structures of H. pylori adhesins and 
receptors. On the basis of these molecular structures, new therapeutic agents could be 
designed and developed to prevent the adhesion of H. pylori to gastric mucosa. 


VII. ANTIBODIES TO INHIBIT H. PYLORI ADHESION 


In general, bacterial adhesion to host cells is blocked by antibody to their adhesins. For 
example, the component pertussis vaccine consists of pertussis toxin and filamentous 
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hemagglutinin (FHA) which mediates Bordetella pertussis adhesion to the ciliated 
epithelial cells of the upper respiratory tract. Anti- FHA antibody induced by the vaccine 
inhibits adhesion.5? 

Yamaguchi et al. have reported that H. pylori adhesion to MKN-45 cells is reduced by 
pretreating H. pylori with a monoclonal antibody recognizing 60-kDa heat shock protein, 
one of the H. pylori adhesins.’’ Osaki et al. have established a monoclonal antibody to 
inhibit H. pylori adhesion in vitro.*8 The monoclonal antibody recognizes H. pylori LPS 
which plays an important role in H. pylori adhesion. These experiments suggest that anti- 
bodies to H. pylori adhesins can inhibit the adhesion of H. pylori to gastric epithelial cells. 

However, H. pylori infection occurs in gastric mucosa. Serum immunoglobulins 
cannot make contact with H. pylori on gastric epithelium. Secretory immunoglobulin A 
(S-IgA) is the main immunoglobulin in gastric juice.**° S-IgA antibodies to H. pylori 
adhesins may inhibit H. pylori adhesion in human gastric mucosa. Oral immunization can 
induce S-IgA in the alimentary tract.*8°° Thus, oral immunization with H. pylori adhesins 
may have potential vaccine applications. 


VIII. ANTI-H. PYLORI ADHESION AGENTS 


It is reported that some mucoprotective antiulcer agents can inhibit the adhesion of 
H. pylori to human gastric mucosa.’ Inhibition of adhesion is an ideal way to prevent 
H. pylori colonization. 


A. Sucralfate 


Sucralfate is recognized as an effective antiulcer agent.®? Slomiany et al. have 
conducted a series of in vitro experiments to investigate the effect of sucralfate on 
H. pylori. In vitro experiments suggest that sucralfate competes with lactosylceramide 
sulfate and GM3 ganglioside, which are receptors for H. pylori, and inhibits H. pylori 
attachment to the epithelium.°-°? Furthermore, sucralfate inhibits H. pylori enzyme 
activities,°! and enhances the susceptibility of H. pylori to antibiotics.® In clinical trials, 
sucralfate monotherapy reduced the density of H. pylori, and sucralfate combined with 
antibiotics and proton pump inhibitors enhanced the H. pylori eradication rate.*° 


B. Sofalcone 


Sofalcone is an antiulcer agent that has multiple effects against H. pylori.'° It has anti- 
bacterial activity, induces morphological changes and inhibits lipolytic activity. Sunairi 
et al. have reported that sofalcone also has anti-H. pylori adhesion effect. The adhesion 
of H. pylori to gastric mucin was strongly inhibited in a dose-dependent manner by the in 
vitro administration of sofalcone at a concentration of more than 15 umol/L. Several 
clinical trials have demonstrated that sofalcone enhances the H. pylori eradication rate 
when combined with antibiotics and proton pump inhibitors.*> 


C. Rebamipide 


Rebamipide is an antiulcer agent that has antioxidant and free radical scavenging 
activities.?*-43°7 Rebamipide itself does not have antibacterial activity. However, we have 
reported that rebamipide inhibits the adhesion of H. pylori to gastric epithelial cells in 
vitro.?” Furthermore, Kato et al. have reported that triple therapy with lansoprazole, 
amoxicillin, and rebamipide combined showed a high eradication rate in a clinical trial.** 
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Figure 4. Effect of rebamipide on H. pylori adhesion. Twelve H. pylori strains were used for 
the evaluation of rebamipide. MKN-28 cells were used as target cells. Each point indicates 
the adhesion activity of each strain. (a) MKN-28 cells were pretreated with 100 ug/mL 
rebamipide for 90 min. (b) H. pylori was pretreated with 100 g/mL rebamipide for 90 min. 
The difference between rebamipide treatment and no treatment was evaluated by two-tailed 
paired Student’s t-test. *P < 0.0001; NS, Not significant. 


We evaluated the effect of rebamipide on H. pylori adhesion by ELISA. The adhesion 
of H. pylori to target cells was reduced to approximately half by pretreatment of target 
cells with 100 g/mL rebamipide for 90 min (Fig. 4a). The inhibitory activity reached a 
maximum at this condition, and this concentration can be achieved in the gastric mucous 
layer by the recommended clinical dose of rebamipide.*+ These results suggest that 
rebamipide has potential as a therapeutic agent against H. pylori infection. Conversely, 
H. pylori adhesion was not affected by pretreating H. pylori with the same concentration 
of rebamipide (Fig. 4b). These results indicate that rebamipide directly affects the gastric 
epithelial cells and does not act on H. pylori. 


D. Ecabet Sodium 

Ecabet sodium is a mucoprotective antiulcer agent.58 Ecabet sodium has urease- 
inhibiting activity," but does not have direct bactericidal activity against H. pylori. We 
have reported that ecabet sodium has an anti-H. pylori adhesion effect in vitro.” 
Furthermore, triple therapy of lansoprazole, amoxicillin, and ecabet sodium showed a 
high eradication rate in a clinical trial.*° 
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Figure 5. Effect of ecabet sodium on H. pylori adhesion. Twelve H. pylori strains were used 
for the evaluation of ecabet sodium. MKN-28 cells were used as target cells. Each point 
indicates the adhesion activity of a strain. (a) MKN-28 cells were pretreated with 1 mg/mL 
ecabet sodium for 90 min. (b) H. pylori was pretreated with 1 mg/mL ecabet sodium for 
90 min. The difference between ecabet sodium treatment and no treatment was evaluated by 
two-tailed paired Student’s t-test. *P < 0.0001; NS, Not significant. 


We estimated the effect of ecabet sodium on H. pylori adhesion by ELISA. H. pylori 
adhesion to target cells was reduced to approximately half by pretreating H. pylori with 
1 mg/mL ecabet sodium for 90 min (Fig. 5b). The inhibitory activity reached a maxi- 
mum at this condition, and this concentration can be achieved in gastric mucous layer 
by the recommended clinical dose of ecabet sodium.? However, the adhesion was not 
affected by pretreating target cells with the same concentration of ecabet sodium 
(Fig. 5a). This indicates that ecabet sodium acts on H. pylori and does not affect the gastric 
epithelial cells. 


E. Perspectives of Anti-H. pylori Adhesion Agents 


In the gastric mucosa, H. pylori localizes on the surface of the epithelial cells as well as 
in the mucous layer.>°°’ H. pylori colonized on epithelial cells can induce mucosal injury 
by direct and indirect mechanisms. H. pylori in the mucous layer may survive after an 
insufficient eradication therapy, and the organisms adhere again to gastric epithelial cells 
and recolonize. Anti-adhesion effects can contribute to the prevention of H. pylori 
recolonization. Several clinical trials have indicated that the anti-adhesion agents described 
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above enhance H. pylori eradication rates when they are combined with antibiotics and 
proton pump inhibitors.*?353°4° Thus, the anti-adhesion agents are promising for H. pylori 
eradication regimens. 

Furthermore, antiadhesion agents may have potential as probes for the analysis of 
molecular mechanisms of H. pylori adhesion. The adhesion of H. pylori to gastric 
epithelial cells is performed by binding between H. pylori adhesins and their receptors. 
The targets of antiadhesion agents will be these molecules. Several H. pylori adhesins and 
receptors in host tissue have been identified. Anti-adhesion agents are a useful tool to 
define the fine structure and the essential epitope of adhesins or receptors. 

We evaluated the anti-adhesion effects of rebamipide and ecabet sodium quantitatively 
by ELISA. Both significantly inhibited H. pylori adhesion. However, their anti-adhesion 
effects were incomplete (Fig. 4, Fig. 5). The adhesion of H. pylori to gastric epithelial 
cells will be due to some combinations of H. pylori adhesins and their receptors. Each 
anti-adhesion agent may only partially inhibit the combinations. It may be difficult to 
inhibit the adhesion completely using only one anti-adhesion agent. 


IX. FUTURE WORK 


The adhesion of H. pylori to human gastric epithelium has been analyzed in detail by 
using cellular and molecular biological methods. Several molecules related to adhesion 
have been identified. However, many problems remain to be resolved. At the end of this 
chapter, we describe the future work we must perform in the study on H. pylori adhesion. 


A. Analysis of H. pylori Adhesion In Vivo 


Most experiments to analyze H. pylori adhesion to gastric epithelium have been 
performed in vitro. In vitro experiments are suitable for molecular analysis. However, 
there are discrepancies between the results obtained by in vitro experiments and H. pylori 
infection in human gastric mucosa. For example, in vitro experiments suggest that H. 
pylori adhesion is not specific to gastric epithelial cells, though natural H. pylori infection 
is very specific to human gastric mucosa. In the early study on H. pylori, we did not have 
a good animal model of H. pylori infection. However, we can now use some animal 
models; mice,*” Mongolian gerbils,’? piglets, Japanese monkeys,” etc. In vivo 
experiments using these animal models will be necessary for the further study on H. pylori 
adhesion to gastric epithelium. 


B. Adhesion of H. pylori to Mucous Layer 


The study on H. pylori adhesion has been mainly performed by analyzing the adhesion 
to gastric epithelial cells. However, Shimizu et al. have reported that H. pylori in the 
gastric mucous layer are more abundant than those attached to epithelial cells.5657 The 
adhesion to the mucous layer may be as important as that to the epithelial cells. Thus, it 
will be necessary to analyze H. pylori adhesion to the gastric mucous layer as well as that 
to the epithelial cells. Tzouvelekis et al. have reported that H. pylori binds to gastric 
mucin which is a major constituent of the gastric mucous layer.’° Furthermore, Namavar 
et al. identified a 16-kDa surface protein which binds to mucin.“ However, many 
questions about H. pylori adhesion to the gastric mucous layer remain. 
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C. H. pylori Vaccine 


In the development of H. pylori vaccine, the effect of oral immunization with H. pylori 
urease is now being investigated.**°° Urease is an essential enzyme for H. pylori 
colonization.*? Oral immunization with urease prevented Helicobacter infections in 
animal models, but has not succeeded in human clinical trials. 

Oral immunization with H. pylori adhesins has potential as another approach to 
H. pylori vaccine. S-IgA antibodies to the adhesins, induced by oral immunization, may 
block H. pylori adhesion to the gastric epithelium. Thus, oral immunization with adhesins, 
as well as that with urease, should be investigated. 


D. Eradication of H. pylori 


Combination therapies with antimicrobial drugs (clarithromycin, amoxicillin, 
metronidazole) and proton pump inhibitors (omeprazole, lansoprazole, rabeprazole) show 
high H. pylori eradication rates. However, H. pylori strains resistant to these anti- 
microbial drugs have been reported.65173 In the near future, resistance to antimicrobial 
drugs will be an important problem in the eradication of H. pylori. Thus, another regimen 
to eradicate H. pylori will be necessary. 

Anti-H. pylori adhesion agents described in this chapter have potential as new 
therapeutic agents.*’ H. pylori cannot be eradicated by a single anti-adhesion agent alone 
but when they are combined with antibiotics and proton pump inhibitors anti-adhesion 
agents can enhance eradication rates.***>°4° Thus, effects of these anti-adhesion agents 
on H. pylori infection should be evaluated. In addition, it is important to discover novel 
anti-adhesion agents. Our established ELISA method is well suited for screening anti- 
adhesion agents.*4 


X. CONCLUSION 


The adhesion of H. pylori to human gastric epithelium has been analyzed in detail. 
However, the results obtained by the analyses are not widely applied in clinical medicine. 
In the strategies against H. pylori infection, we must apply these results for the prevention 
and the treatment of H. pylori infection. 
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Studying Bacterial Adhesion in the Urinary Tract 


James A. Roberts and M. Bernice Kaack 
Tulane Regional Primate Research Center, Covington, LA, USA 


I. INTRODUCTION 


Bacterial adhesion is necessary for a bacterial infection to occur in either the urinary, 
respiratory or gastrointestinal tract. Adhesion to mucous membranes is the initial event in 
any infection other than those associated with urethral instrumentation or catheterization. 
The surface energy theory of bacterial adhesion, DLVO, attempts to explain the 
mechanism of bacterial adhesion, and the necessity of surface appendages for adhesion to 
occur in an energy efficient manner.’ 

The net negative surface charge of both tissue cells and bacteria as well as diffuse ion 
clouds in the area repulse adhesion. While at 15 nm there is very little repulsion, as 
bacteria approach 10 nm, maximum repulsion occurs. Since the magnitude of both 
attractive as well as repulsive forces depends on the diameter of the approaching body, 
bacterial fimbriae or polymers, being of a much smaller diameter, allow bacterial 
adherence that might not otherwise occur, reaching cell surface receptors for firm 
adherence to the cell surface. Thus adherent, the normal flow of body fluids such as 
mucous or in the case of the urinary tract, urine, does not wash the bacteria away. This 
leads to bacterial multiplication reaching the critical mass necessary for a clinical 
infection. 

Bacterial surface factors which predispose to urinary tract infection include 
lipopolysaccharides, capsular antigens, and adhesive factors. The adhesins in urinary 
tract infections include type-1 fimbriae which adhere to mucins containing mannose 
residues,!© P-fimbriae which adhere to glycolipids on cell surfaces,!! and the afimbrial 
adhesins such as the Dr adhesins.!> The ability of both fimbrial and nonfimbrial adhesins 
to colonize the gut, the perineum of females and prepuce of uncircumcised males, 
followed by the urethra, bladder, ureter and kidney, is the most important initiating factor 
in the development of urinary tract infection.!* While the nonfimbrial adhesins may be 
important in colonization of the perineum and urethra, it has been suggested that their 
effect in the urinary tract may be minimal, although they can produce pyelonephritis. !4 
S fimbriae, type-1 fimbria and 075X, while recognizing urothelial receptors, are inhibited 
by substances in urine. This appears to be Tamm Horsfall protein in the case of S 
fimbriae, as well as lower molecular weight compounds which bind and prevent 
adherence by both type-1 fimbria and the 075X adhesin.'? The further effects of 
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endotoxin, hemolysin and other factors such as aerobactin 3 (which allow the bacteria to 
access the iron needed for growth and further colonization) are all important. Bacteria 
which have been shown to grow well in urine are the bacteria usually found associated 
with urinary tract infections. This includes the enterobacteriaceae, enterococci and 
Pseudomonas.” 

Phase variation is another factor important in the ability of bacteria to colonize 
surfaces. Such variation can change fimbriated bacteria to a nonfimbriated state and 
appears to be advantageous to the bacteria. One experiment showed that heavily- 
fimbriated Proteus when given intravenously to the experimental animal led to rapid 
eradication of urinary tract infection. These fimbriae adhere well to leukocytes and seem 
to be rapidly phagocytosed and killed.”° The same fimbriated bacteria when introduced 
via an ascending route led to ascending pyelonephritis because of the ability of the 
fimbriae to adhere to urothelial cells and establish infection.2! The same factor may well 
be important in phase variation of type-1 fimbriae which adhere well to leukocytes. Thus, 
while type-1 fimbriae may be important in colonization of the vagina and perineum by 
adherence to vaginal mucus,”° once phagocytosis begins in the bladder, phase variation to 
the non-type-1 fimbriated state may well occur, decreasing adherence to and activation of 
leukocytes. !? P-fimbriae, however, do not adhere well to leukocytes, thus their 
presence in an ongoing infection will lead to continuing bacterial adherence to urothelial 
cells, without an increase in their phagocytic killing. Our studies have involved both in 
vitro and in vivo measures of bacterial adhesion using a primate model. They have been 
very successful because Maqaque monkey species such as the rhesus monkey appear to 
have the same receptors for fimbriated Escherichia coli as those causing UTI in humans. 


II. METHODS OF STUDY 
A. In Vitro Methods 


1. Adherence to Urothelial Cells 


Adherence to urothelial cells was first reported by Svanborg-Eden** who studied 
urothelial cells from normal patients voided urine to which she added bacteria usually 
found in urinary tract infections. Soon after, Kallenius and Winberg!® examined urothelial 
cells collected from patients with urinary tract infections. Both reported bacterial 
adhesion to the urothelial cell wall. 

Urothelial cells can be collected from bladder or vaginal tissue at sacrifice by scraping 
the cells of the epithelium with the edge of a microscopic slide into phosphate-buffered 
saline (PBS). These cells are immediately ready to use. Urothelial cells can also be 
collected from urine by centrifugation (3000 rpm for 10 min). These cells must then be 
washed with PBS twice before they are ready for use. 

Most of the work done in this lab has utilized E. coli. Bacteria are grown on blood agar 
or, if P-fimbrial growth is wanted, on colony forming antigen agar (CFA agar, see appen- 
dix for reagents).!° They are harvested in saline, washed, and diluted to 1x10!° by spec- 
trophotometry of the density of the solution. Using our machine in lab, this 
density is produced by 10% transmission of light through the bacterial solution. 

Adhesion is observed by mixing equal amounts of cells and bacteria (usually 100 uL) 
on a slide or mirror and rocking them until agglutination is evident by white clumps. This 
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Figure 1. Scanning electron micrograph of urothelial cell with adherent bacteria. 
Negative stain with uranyl acetate. Reduced from x35,000. 


agglutination is rated from 1+ through 4+. A control slide is set up by using the same 
amount of cells (100 uL) with 100 uL of saline to control for volume. 

Agglutination can be inhibited by several chemicals depending on the type of fimbriae 
found on the bacteria.!? Inhibition studies can be done in vitro either by incubation of the 
bacteria with its receptor or incubation of the urothelial cells with the antibody to the 
receptor. The minimal receptor of the P-fimbriae of E. coli responsible for adherence is 
the disaccharide &-Gal (1-4) B-Gal of the globoseries of glycolipids. We obtained Gala 1- 
4Gal-B-O-Et (ethanol) from Pierce Chemical Company (Rockford, IL) and 4-0-a-p- 
galactopyranosyl-p-galactopyranose from Sigma Chemical (St. Louis, MO). A 30 mM 
solution of either inhibited the binding of P-fimbriae to urothelial cells. Equal amounts 
(100 uL) of the inhibitor and the bacteria are mixed on a mirror and allowed to combine 
for 15 min. 100 uL of cells are added and the mirror is rocked until agglutination is seen in 
the control, but not in the inhibited mixture. The control consists of bacteria with saline to 
which are added the cells. There are several epitopes of the P-fimbrial adhesin: Class I 
which has not been associated with disease; Class H, the epitope associated with pyelo- 
nephritis and whose receptor is the Gal-Gal containing glycolipid; and the Class III epitope 
associated with cystitis. 

The Forssman antigen acts as a receptor for the Class III bacterial adhesin. Rabbit Mab 
antihuman Forssman was obtained from Accurate Chemical & Scientific, Westbury, NY. 
It was supplied in solution and was used without dilution. 

Fibronectin on epithelial cells can act as a receptor for P-fimbriae by the PapE protein, 
which binds fibronectin. To test for adhesion by this mechanism, we studied inhibition of 
adhesion using anti-human fibronectin (Cappel/Organon Teknika, Durham, NC). The 
reagent was diluted according to the directions and used without further dilution. These 
antibodies are incubated with the epithelial cells and the bacteria is added after 
incubation. 
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A 5% solution of methyl o-p-mannopyranoside (Sigma) will inhibit the binding of 
Type-1 fimbriae to cells. For bacteria that possess both P and Type-1 fimbriae, a mixture 
of 60 mM and 10% mannose gives the proper concentration for inhibition. 

Adhesion can also be observed on individual cells by scanning electron microscopy 
(SEM) (Fig. 1). The method of fixation is described in detail under the section Electron 
Microscopy (EM). 


B. Studies Using the Aggregometer 


The Chrono-Log Aggregometer (Havertown, PA) records agglutination as change in 
resistance between two electrodes. It is used to measure the aggregation of platelets in 
whole blood. We, however, used it to measure agglutination of red blood cells and 
epithelial cells by bacteria. For this procedure the machine is calibrated to allow 5 cm 
change to equal 20 ohms resistance. All materials are warmed to 37°C. Approximately 1 
mL of heparinized whole blood or 1 mL urothelial cells is pipetted into a vial and the 
electrodes are inserted. Allow equilibration for a few minutes and set the baseline at 90%. 
Introduce the bacteria (1x10!°) close to the electrodes without agitating the blood or cells. 
As the bacteria agglutinate the rbc’s or the cells, the curve goes downward denoting an 
increase in resistance between the electrodes. The unit change/minute (based on the #cm 
travelled on the chart which translates into minutes and the 5 cm/20 ohms calibration 
denotes the amount of agglutination. If the amount of inhibition is to be measured using 
Gal-—Gal, mannose, etc., a baseline of agglutination (cells + bacteria) has to be 
established.® 


C. Studies of Fluorescein Isothiocyanate (FITC)-Labeled Bacteria 


Bacterial adherence to cells is often easier to measure if the bacteria are stained. For 
this, a saturated solution of FITC (Sigma) in phosphate-buffered saline (PBS) pH 8.5 is 
used. The stain is centrifuged and the supernatant is used for staining. Grow bacteria 
overnight on blood agar or CFA. Harvest with PBS, and wash two times. Dilute the 
bacteria to 1x10!” bacteria/mL and add 2 mL of FITC to 10 mL of bacteria. Agitate slowly 
at room temperature for 6 h. Wash gently three times with PBS and one time with Solution X 
(see appendix). Let stand overnight in Solution X. Wash two times more with Solution X 
and dilute to 1x10!°. 


D. Flow Cytometry 


To prepare cells for flow cytometry collect urine and centrifuge it at 2000 rpm for 
15 min. Discard the supernatant and resuspend the percipitate in PBS, pH 7.5. Wash the 
cells twice with PBS and once with Solution X. The amount of Solution X used to 
resuspend the cells depends on how many different bacteria you are testing. Allow 0.5 mL 
for each sample and 0.5 mL for the control. Do nothing more to the control cells. 0.5 mL 
is enough to establish your gates and run for autofluorescence. Incubate the sample 
urothelial cells with 0.5 mL FITC-labeled bacteria (1x10°) for 1 h at room temperature. 
Keep the samples gently moving as on a tube rocker. Wash two times with Solution X. 
Between washings, centrifuge at a very low speed (about 1000 rpm is maximum). This 
spins down the urothelial cells and gets rid of the excess bacteria which remain in the 
supernatant. Resuspend the cells/bacteria in 0.5 mL Solution X.!7-7> The computer-gener- 
ated curves from the control and experimental samples are shown in Figure 2. 
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E. Fluorescence Microscopy 


The fluorescence microscope can be used to examine slides of cells collected from 
urine or bladder as well as tissue that has been processed, embedded in paraffin and 
sectioned. Cells are prepared as described above for flow cytometry. After incubation 
with bacteria a drop of material on a slide with a cover slip can be examined under the 
fluorescence microscope. The number of cells with adherent bacteria can be counted. The 
average number of bacteria adhering to each cell can also be ascertained. 

Unstained tissue slides of bladder or kidney are deparaffinized and processed as 
described by Falk et al.” Tissue sections are overlaid with 150 uL of FITC-labeled bacteria 
and incubated at 4°C for 1 h. Slides are washed extensively with PBS and examined under 
the fluorescence microscope (Fig. 3).!8 


F. Fluorometry 


The Fluoreskan fluorometer is made by LabSystems, Temecula, CA, and utilizes 
Ascent software. Adherence of FITC-bacteria to cells is measured in a black EIA plate, 
with a flat, clear bottom. A 96-well plate can be used but if more sample is needed, 
larger wells can be used and the machine will read specified sections of the well. Scraped 
bladder or vaginal cells, or cells from spun urine are washed with Solution X as 
described above. A control sample of cells (100 uL) is removed and diluted to 600 uL 
with Solution X. A control (100 uL) of the FITC-labeled bacteria is also removed and 
diluted to 600 uL with Solution X. Nothing more is done to these two control samples. 
100 uL samples of cells are incubated with 100 uL FITC-labeled bacteria for 1 h at 
37°C. They are washed one time with Solution X, the supernatant is discarded and they 
are resuspended to 600 uL with Solution X. 250 uL duplicates of each sample and 
controls are pipetted into the wells, processed in the Fluoreskan, and averaged. The 
bacteria alone gives a value for 100% fluorescence. The cells alone give a correction 
factor for autofluorescence of Solution X which is subtracted from the cells + bacteria 
values. This amount divided by the 100% fluorescence value for the bacteria alone 
gives the % adherence. 


G. Electron Microscopy (EM) 


Bacterial adherence can be visualized vividly with both scanning and transmission 
electron microscopy as shown in our studies of experimental infection. For in vitro 
studies, tissue specimens are incubated with bacteria (1x10? cells/mL saline) at 37°C with 
constant rotation for 1 to 2 h. They are then fixed in modified Karnovsky’s fixative 
(see appendix). 

Samples for scanning EM are washed three times in 0.2 M sodium cacodylate buffer, 
three times in distilled water, dehydrated in ascending ethanols and critical point dried in 
absolute ethanol. They are then sputter coated with gold, examined and photographed in a 
JEOL-T300 scanning electron microscope. 

Tissues for transmission EM are washed six times with 0.2 M sodium cacodylate buffer, 
post-fixed in 1% osmium tetroxide, dehydrated in ascending concentrations of ethanol 
and embedded in Spurr’s epoxy resin.?” A Siemens Elmiskop 101 electron microscope is 
used to observe the sectioned samples. To compare bacterial adherence among strains, the 
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Figure 2. Computer generated curves of flow cytometry data from human urothelial cells 
incubated with FITC-labeled E. coli. The curve represents every particle with fluorescence. 
The upper curve shows autofluorescence of untreated cells. The bottom curve shows cells to 
which FITC-labeled bacteria are attached. The lower gate(GL) line indicates the point where 
the two curves intersect. The area under the curve to the right of the GL on the top curve is 
subtracted from the area under the curve to the right of the GL on the bottom curve to yield 
69%, the percentage of cells to which FITC-labeled bacteria are attached. 





Figure 3. Fluorescence microscopy of squamous epithelium from the bladder trigone with 
marked adherence of FITC-labeled E. coli. 
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Figure 4. SEM image of the mucosal surface of human foreskin showing attachment of 
E. coli by fimbriae. Reduced from x20,000. Inset, some bacteria (*) appear to attach 
without fimbriae. Distance (arrowheads) between bacteria and epithelial cellular membrane 
is 550-600 Å. Reduced from x32,000. (Reprinted with permission: Fussell EN, et al: 
Adherence of bacteria to human foreskins. J Urol 140: 997-1001, 1988) 
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Figure 5. SEM image of massive colonization of P. mirabilis on foreskin mucosal epithe- 
lium. Fimbriae are shown by small arrowheads. Reduced from x15,000. Inset: attachment of 
bacteria (*) to mucosal epithelium (arrowheads). Distance between bacteria and epithelium 
is 550 to 600 A. Reduced from 38,000x. (Reproduced with permission—see Fig. 4.) 
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Figure 6. Scanning EM of bladder from monkey 48 h after infection with E. coli showing 
fimbrial attachment of bacteria to mucosal cells of the bladder. Reduced from x5000. 


number of bacteria adhering to each x7500 field are counted. Adherence by P or Type-1 
fimbriae can be determined by incubating some bacteria with 30 mM Gal-Gal or 5% 
mannose before introducing the tissue. 

Adherence of bacteria to foreskins can be seen in Figures 4 and 5 showing both 
scanning and transmission EM.° 


H. In Vivo Methods 


Perhaps the most salient proof that adherence of bacteria is a factor in urinary tract 
infections comes from studies of the production of experimental pyelonephritis in the 
monkey with subsequent identification of bacteria adhering to the ureter and kidney 
tubular epithelium after sacrifice.* E. coli strain JR1 (P+), used extensively in this 
laboratory, is introduced into one kidney by ureteral catheter leaving the other kidney as a 
control. The animals are sacrificed at various times after inoculation and the tissues are 
processed as indicated above for scanning and transmission EM. Bacterial adherence is 
seen in Figures 6 and 7 from monkey tissue after infection. 


Acknowledgment: Supported by USPHS Grants: RR-00164 and DK-14681. 
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Figure 7. Transmission electron micrograph of tissue from monkey infected with the JR1 
strain of E. coli. (A) Kidney showing adherence of bacteria to the renal tubular cell (D) by 
fimbriae (arrows); lumen (L); basement membrane (b). Reduced from x15,000. Insert 
reduced from x100,000. (B) Numerous bacteria adhering to ureteral epithelium (E) forming a 
biomass (B); lumen of ureter (L). Reduced from x25,000. (Reproduced with permission— 
Roberts JA, Suarez GM, Kaack B, et al: Experimental pyelonephritis in the monkey. VII. 
Ascending pyelonephritis in the absence of vesicoureteral reflux. J Urol 133: 1068-75, 1985). 
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APPENDIX 


CFA Agar: 
1 L Distilled water 
10 g Casaminio acid (1%) 
1.0 g Yeast extract (0.15%) 
2.22 mL MgSO, (0.005%) 
0.005 g MnCl, (0.0005%) 
20 g Granulated agar (2%) 
Autoclave, cool, pour into sterile petri dishes 


Solution X: 
1% Glycerol 
5% Bovine serum albumin 
0.5% Sodium azide 
Distilled water 


Karnovsky’s Fixative: 
0.2 M Na-cacodylate buffer (mol wt 214.03) 
2.5% Glutaraldehyde 42.8 g/L Water 
2% Paraformaldehyde Bring to pH 7.2-7.4 with HCl 
in 0.1 M Na-cacodylate buffer For 0.1 M dilute 1:1 
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1. INTRODUCTION 


Increasing recognition of the ecological, medical and economic significance of 
microbial adhesion has resulted in a vast escalation of research effort in this area. 
Although studies on bacterial adhesion have predominated, with an extensive body of 
data, investigations on candidal adherence are comparatively limited.’ Nevertheless, a 
rapidly expanding literature on candidal adherence attests to the potential importance of 
understanding the behavior of this ubiquitous yeast and the pathogenesis of infections 
which it causes in the human host.37°° Adhesion of Candida to epithelial cells has been 
investigated to define parameters relevant to the pathogenesis of oral, gastrointestinal, 
vaginal and urinary candidiasis.7+48>7>8 Further, the attachment of the organism to fibrin, 
fibrin-platelet matrices and to vascular endothelial cells have been examined to elucidate 
initial events leading to candidal endocarditis and hematogenously disseminated 
infection.**49. There is also a growing body of information on the adhesion of Candida 
to inert/nonbiological surfaces such as denture prostheses, intravascular and urinary 
catheters, and prosthetic cardiac valves. !#3!-33,48,50,51,54,55 

C. albicans is one of several Candida species isolated from humans and is responsible 
for the majority of superficial and systemic fungal infections.** Thus, most of the 
foregoing studies pertain to this isolate although a number of workers have studied the 
adhesion of emerging pathogens such as C. krusei®!- and C. parapsilosis.* In this report 
we outline briefly the variety of laboratory methods available for quantification of 
C. albicans to both biological and inert surfaces. For further details of most of the studies 
given below and the parameters which guide their use the reader is referred to reviews 
such as Kennedy,” Douglas, !* Samaranayake and MacFarlane," and Odds.*” 

The term “adhesin” and “receptor” are widely used to describe surface components 
that mediate attachment of microorganisms to animal cells. Adhesins are the adhesive 
structures on microbial surfaces, whereas receptors are complementary adhesive 
structures on the surfaces of the host cells. Throughout this chapter the terms “adhesion,” 
“adherence” and “attachment” will be used synonymously to describe associations 
between Candida and surfaces. 


Handbook of Bacterial Adhesion: Principles, Methods, and Applications 
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Figure 1. A schematic representation of the filter manifold used in buccal epithelial cell 
adhesion assays and its mode of action (Courtesy Dr. RG Nair). 


II. ADHESION TO EXFOLIATED EPITHELIAL CELLS 


A. Microscopic Analysis 


A quantitative method to determine yeast adhesion to epithelial cells in vitro was first 
reported by Liljemark and Gibbons,? which was subsequently modified by Kimura and 
Pearsall.*+ The procedure involved incubation of equal volumes of standardized 
suspensions of yeasts and epithelial cells, subsequent removal of unattached yeasts, and 
recovering the epithelial cells with adherent yeasts from the incubation mixtures using 
polycarbonate filters. The filters had a pore size of 14 um that allowed passage of 
unattached yeast cells, but not the epithelial cells. The filters with retained epithelial cells 
and the adherent yeasts were dried, fixed, and stained with Gram’s method. The filters 
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Figure 2. Variation in indigenous bacterial counts on buccal epithelial cells in four 
individuals over a period of 6 wk. 5 


were then placed directly on glass slides, mounted on oil and the adherent yeasts counted 
under light microscope at x40 mag. At least 100 epithelial cells with adherent yeasts were 
quantified. This method, with further minor modifications, has been used by other 
investigators to determine yeast adhesion to buccal and vaginal epithelial cells as 
described below. 

A number of workers have investigated candidal adhesion to buccal epithelial cells 
(BEC) and also parameters which affect adhesion by using the following popular 
technique.®!9.!4,15,18,34,53.56 In this method equal volumes of the BEC and the yeast 
suspension are mixed gently in Bijoux bottles and incubated in a rotary incubator with 
gentle agitation at 37°C for 1 h. The yeast/BEC suspension is thereafter diluted in 4 mL of 
sterile phosphate-buffered saline (PBS). The BEC are then harvested under negative 
pressure using a manifold filter (Sartorius, SM16547) onto a 12 mm pore size poly- 
carbonate filters (Millipore, UK), and washed twice with 50 mL of sterile PBS to remove 
unattached fungi (Fig. 1). Thereafter each filter is removed carefully with forceps and 
placed firmly on a glass slide with the BEC against the glass surface. After 10 s, the 
filter is removed gently, leaving the BEC adherent on to the glass slide. This process 
results in transfer of ample number of individual BEC on to the surface of the slide for 
observation and quantification. The preparations are then air dried, fixed with methanol 
and stained with Gram’s stain. The number of Candida cells attached to 50 BEC is 
quantified using a light microscope at x40. In a further modification to this method, a 
color video camera (TK-1080E, JVC, Japan) is attached to the microscope and the 
images of the cells fed into an image analyzer (Videoplan Image Processing System, 
Kontron Image Analysis Division, Germany) and the number of adherent yeasts per BEC 
recorded semi-automatically using a computer mouse to flag each individual yeast. 1415-18 
The following criteria have been used in quantifying the yeasts: a yeast with a daughter 
cell smaller than the mother cell is counted as one unit, overlapping and folded BEC are 
not counted and, only a single BEC in isolation is counted. 
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Table 1. Factors Affecting the Adhesion of Candida 


Yeast factors 
Concentration and viability 
Phase and temperature of growth 
Growth-medium composition 
Species and strain 
Germ tube formation 
Hydrophobicity 


Epithelial cell factors 
Cell type 
Mucosal cell size and viability 
Sex hormones 
Yeast carriers vs patients with overt candidosis 


Environmental factors 
Temperature and period of contact 
Hydrogen-ion concentration 
Bacteria 
Antibodies 
Antibacterial drugs 
Sugars (especially dietary carbohydrates) 


Braga et al.” investigated the ability of various Candida species to adhere to vaginal 
epithelial cells (VEC) by mixing 1:1 volumes of Candida with VEC in polystyrene tubes 
rotated end-over-end at 24 rpm for 1 h at 37°C. The epithelial cells were then separated 
from nonadherent Candida by centrifuging three times in sterile phosphate-buffered 
saline (PBS). The final epithelial cell pellet is resuspended in PBS, placed on a round 
microscope cover slip and dried. The round cover slip with cells is then fixed in 2.5% 
glutaraldehyde in 0.1 mol/L cacodylate buffer, for 1 h at 4°C. After several dehydration 
steps in alcohol, the coverslips were critical-point dried and coated with 200 A gold and 
counted in a scanning electron microscope (SEM). This method is complex, time 
consuming and is dependant on the availability of a SEM. Hence, the more simpler 
methods described above have proven to be popular. 

The quality of the epithelial cells used is critical in conducting the foregoing assays. 
Buccal or vaginal cell preparations can be readily obtained from human volunteers by 
gently swabbing or scraping the mucosal surface. Cells from the cheek are preferred to 
other sites as they harbor a lower a number of indigent bacteria.** The major drawback of 
experiments using BEC or VEC is that the cells derived from donors differ from person to 
person and also in the same person at different times. Hence, the collection of BEC has to 
be strictly standardized due to the latter problem as well as the complexity of the oral 
environment. Early morning (fasting) BEC are essentially devoid of food debris and are 
preferred by some workers. Also, in females the quality of cells vary depending on the 
hormonal levels of the menstrual cycle.?” Due to such extreme variations between 
individuals it is proposed that pooled BEC collected from at least three volunteers should 
be used to obtain consistent, globally reproducible data. Qualitative variations are also 
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seen due to other factors that effect Candida adhesion of to epithelial cells as shown in 
Table 1.1263 

As adhesion increases with increasing yeast concentration, yeast to epithelial cell ratio 
of 500:1 or 1000:1 are commonly employed. !? It is customary to count the total number of 
adherent yeasts on 100 to 200 epithelial cells retained on the filter and, to prevent bias, 
the latter should be coded and read “blind.” Although this visual method can be rather 
tedious, it does have the advantage that adhesion to individual epithelial cells as well as 
yeast-to-yeast co-adherence can be monitored. 

Similar experimental procedures have been utilized for measuring yeast adherence to 
human uro-epithelial cells> and epidermal corneocytes.646 


B. Radioisotope Analysis 


King et al.” used radioactively-labeled Candida to measure its adherence to buccal 
and vaginal epithelial cells. The yeasts were grown in phytone—peptone broth supple- 
mented with [U-'4C] glucose. Standardized suspensions of labeled organisms were 
incubated with suspensions of epithelial cells, and the latter with adherent yeasts were 
collected on polypropylene filters. The filters were treated with a solubilizing agent and 
their radio-activity counted in a liquid scintillation spectrometer. Control assays, contain- 
ing yeasts only, showed that 2% of the organisms adsorbed to the filters and all results 
were corrected for this background count. 

The adherence of C. albicans isolates to different types of filters can vary. Zierdt’4 
showed that C. albicans adsorbs in higher numbers to polypropylene filters than to poly- 
carbonate filters. As an alternative to filtration, differential centrifugation can be used to 
separate epithelial cells from unattached yeasts. These protocols with slight modi- 
fications have been used by other investigators.*47’° For instance Vargas et al.68 studied 
the adhesion of C. albicans to buccal epithelium and stratum corneum, and Pereiro et al.4? 
the adhesion of C. albicans from patients with and without HIV infection to oral mucosal 
cells, using such radiometric assays. 

Radiolabeling of yeasts provides a potentially attractive means of evaluating adhesion 
to mucosal surfaces in vitro. It is relatively rapid and considerably less laborious than the 
visual microscopic method. However, during the assay, intact or lysing yeast could 
release radioactive label which might be subsequently bound or incorporated onto the 
epithelial cells. The possibility of yielding spuriously high adherence values due to this 
phenomenon should therefore be kept in mind when using radiometric methods. 


C. Fluorescent Labeled Yeasts and Flow Cytometry 


As discussed, the methods based on optical microscopic evaluations and radiometric 
analysis are popular and frequently used in determining candidal adhesion to epithelial 
cells. However, the optical adherence assay is usually conducted with a large excess of 
yeasts (100-fold) over epithelial cells in order to obtain microscopically quantifiable data. 
On the other hand, the radiometric analysis fails to measure individual cells. Further the 
phenomenon known as “co-adherence” where individual yeast cells aggregate to yield 
potentially spurious results cannot be ruled out in radiometric assays. 

A method for measuring yeast adherence that overcomes some of these problems has 
been developed by Polacheck et al.*? It is based on labeling the yeasts with a fluorogenic 
marker (2', 7'-bis-[2-carboxyethyl]-5[6]-carboxyfluorescein acetoxymethy] ester) prior to 
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the assay, and analyzing epithelial cells with adherent yeasts by flow cytometry, while 
non-bound yeasts are excluded by “gating.” The increase in the fluoroscence intensities 
of the BEC is considered a quantitative measure of the extent of yeast adherence. The 
possibility of studying reliably low yeast: epithelial cell ratios, which mimic adhesion as 
it occurs in vivo, appear to be an important advantage of this assay. 

A similar method, but based on photometric quantification of yeast adherence to 
epithelial cells has recently been described by Borg-von Zepelin and Wagner.! Here the 
adherent Candida are detected by staining with the fluorescent dye Calcofluor white 
(CFW). The assay comprises the following steps. Coating of a microtest plate with 
epithelial cells and inoculation with a standard concentration of Candida, staining 
Candida with CFW, rinsing to remove nonadherent cells and unbound dye and, detection 
of adherent fluorescent yeasts using photometry. 

It is noteworthy that although CFW is well known to differentially stain the yeast cells 
in preference to epithelial cells, previous workers have had little success with this 
technique when studying candidal adhesion. 


I. ADHESION TO CULTURED EPITHELIAL CELLS 


Although readily obtained and widely used in investigating microbial adhesion to 
mucosal surfaces, exfoliated epithelial cell preparations have several disadvantages. They 
invariably consist of a heterogeneous mixture of viable and nonviable cells with a multi- 
tude of adherent bacteria (Fig. 2). Studies of both bacterial and yeast adhesion to such 
preparations have demonstrated substantial cell-to-cell variation in the number of 
adherent microbes. Further, as stated earlier exfoliated cell preparations may vary 
according to the donor, the time of sampling, and the degree of exposure to various 
secretions such as saliva, serum and food. 

To avoid some of these problems, methods for assaying yeast adhesion to more 
uniform cell populations have been developed. Samaranayake and MacFarlane~ were the 
first to describe the adhesion of C. albicans to cultured human epithelial cells (i.e., HeLa 
cells and human embryonic kidney epithelial cells). They incubated standard yeast 
suspensions with confluent cell monolayers grown on a cover slip. Following removal of 
unattached yeasts, the number of adherent organisms per unit area of the monolayer was 
determined by direct microscopy after air drying, Gram staining, and mounting on glass 
slides. This technique has been used to determine the adhesion and colonization of other 
Candida species as well.®! 

Another in vitro adherence model in a primary culture of human keratinocytes, which 
allows molecular study of mechanisms responsible for C. albicans adherence in cutane- 
ous candidosis, has also been developed.*? But the disadvantage of such primary cultures 
as opposed to continuous cultures (e.g., HeLa) is that the latter could be propagated almost 
indefinitely, and hence, replicate experiments performed easily in many laboratories. 
However, only a limited amount of information could be obtained using primary culture 
systems as they can be passaged only for a few generations. 


IV. ADHESION TO ENDOTHELIAL CELLS 


A method for studying adhesion of Candida to vascular endothelium was devised by 
Klotz et al.” Segments of freshly obtained pig blood vessels were secured between two 
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sheets of Lucite; the upper sheet contained 12 mm perforations to create wells, each of 
which had the endothelial surface as its base. Standardized yeast suspensions were 
incubated in the wells and, adherence to endothelium evaluated by enumerating the 
number of nonadherent yeasts that could be removed from each well by washing. 
Multiple wells were provided to obtain several measurements using the same vascular 
segment. 

Adhesion to cultured vascular endothelial cells was described by Rotrosen et al. who 
used both human umbilical vein endothelial cells and rabbit aortic cells. Confluent 
monolayers of either cell type were incubated with yeast suspensions, and number of 
organisms adherent to each monolayer determined by viable counts using an agar-overlay 
technique. Separate experiments demonstrating the absence of yeast clumping indicated 
that each colony resulted from a single adherent organism, although experience with 
optical assay techniques indicate that this may not be always true. However, this method 
with slight modifications is widely used. For instance, it has been used to investigate the 
potential mechanisms by which g interferon protects endothelial cells from candidal 
injury.*! Also the role of iron in endothelial cell injury caused by C. albicans and, the 
impact of the new triazole, voriconazole, on the interactions between Candida species 
and endothelial cells has also been evaluated using this method. 1°20 

Radiometric analysis has also been performed to study adhesion between human 
dermal microvascular endothelial cells (HDMEC) and C. albicans.” HDMEC were plated 
in gelatin-coated 96-well flat-bottomed culture plates. A standard concentration of 
C. albicans suspension labeled with [*°S] methionine was incubated with HDMEC, after 
which the supernatant was removed from each well and the monolayer was washed twice 
to remove non-adherent yeasts. The latter were then counted in a scintillation counter. 
Adherent yeast cells and HDMEC monolayers were removed subsequently, solubilized, 
counted in a scintillation counter and the percentage binding of C. albicans calculated. 


V. ADHESION TO ANIMAL TISSUES 


Many have studied the adherence of C. albicans using epithelial cells and this undoubt- 
edly remains the most popular technique, probably due to the ready availability of the 
substrate. On the contrary, adherence of C. albicans to internal organs is less studied and 
not well understood. Nonetheless, during candidamia, especially in compromised hosts a 
number of target organs such as the spleen and kidney are profoundly affected.*” 

A method first described by Cutler et al.’ and later modified by Riesselman et al.” is 
commonly used to study the adherence of C. albicans to internal organs. In their method, 
mice are sacrificed and various organs are removed, rapidly frozen on dry ice, and 
sectioned. Standard concentrations of C. albicans suspensions are then inoculated onto 
the tissue sections and incubated for 15 min with or without agitation at 4 to 6°C. At the 
end of 15 min, the majority of unattached C. albicans are decanted, the section blotted 
onto plastic backed absorbent paper, fixed in glutaraldehyde, rinsed by dipping repeat- 
edly in cold tap water, and air dried for crystal violet staining.“ The stained sections are 
dehydrated by dipping in ethanol and allowed to air dry. The adherent C. albicans are 
quantified microscopically either by manual counting or by computerised image analysis 
techniques. 

The above method has been subsequently modified to study the adherence of 
C. albicans germ tubes to murine tissues, the latter exposed to cytotoxic drugs,??70 
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candidal adhesion to brain tissues of the primate Macaca mulata'! and to tissues from 
immunocompromised mice.” 


VI. ADHESION TO FIBRIN CLOTS 


Infective endocarditis is characterised by the colonization of platelet—fibrin thrombi on 
heart valves by microorganisms which subsequently produce an endothelial vegetation. 
C. albicans is recognized as an important cause of infective endocarditis in patients with 
pre-existing cardiac disease, particularly after open-heart surgery.”* Thus, in vitro candidal 
adhesion to surfaces such as fibrin and fibrin—platelet matrices have been investigated by 
a few researchers+™ due to the critical importance of this primary event in the patho- 
genesis of infective endocarditis. 

The methodology used by Samaranayake et al. is as follows. The fibrin clots are 
prepared using a modification of the method described by Toy et al.’ Bovine plasma is 
mixed with a clotting reagent (bovine thrombin and 0.125 M calcium chloride in 0.15 M 
sodium chloride) and deposited in a well of a leucocyte migration plate. The well 
containing the clotting mixture is placed within multi-well tissue culture plates and 
incubated to ensure complete solidification. Afterwards the surface of the clot is washed 
to remove excess plasma and immediately used for the adhesion assay. 

Adhesion assay is carried out by introducing a standard yeast inoculum into each well, 
and incubating the wells on a rotary shaker for 30 min. The yeast suspension is then 
aspirated from the wells and the clot washed. The washed fibrin clots are removed from 
the leucocyte migration wells into sterile PBS and vortex mixed. A standard volume of 
resultant yeast suspension is removed, inoculated onto Sabouraud’s dextrose agar plates 
using a Spiral Plater (Spiral Systems, Cincinnati, OH), incubated for 2 d and the 
number of colony forming units (cfu) estimated. 

This method which quantifies yeast adhesion to fibrin clots in terms of cfu’s is simple, 
sensitive and versatile, as compared with other methods such as radiometry. 


VII. ADHESION TO DENTURE ACRYLIC 


Undoubtedly the study of candidal adhesion to soft tissue surfaces or their derivatives 
is critical in understanding the pathogenesis of yeast infections and the means of their 
prevention. Nonetheless, it is well recognized that inert surfaces which are either 
implanted or in superficial contact with the human host frequently act as a conduit of 
infection transmission or a reservoir of infection. For these reasons a number of research- 
ers have studied the adherence of Candida to a variety of materials found in medical 
devices such as catheters and oral prosthesis. 

Candida-associated denture stomatitis is the most common form of yeast infection seen 
amongst the denture wearing elderly.°* The major causative agent of this disease is 
C. albicans, and acrylic dentures which may be ill-fitting, with suboptimal hygiene, act 
as reservoirs of infection. As the ability of Candida to adhere to acrylic surfaces plays an 
important role in the pathogenesis of this condition many have investigated yeast 
adhesion to denture acrylic or similar inert polymeric material. 16-17-35,40,61 

Samaranayake and MacFarlane” first described an assay system to evaluate Candida 
adhesion to acrylic and since then it has been used by several workers with or without 
minor modifications. In this method, transparent self-polymerizing acrylic powder is 
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spread on an aluminum foil-covered glass slide and the monomer liquid is poured onto the 
surface of the slide and immediately a second slide placed on top of the polymerizing 
mixture, and the slides firmly secured. After bench curing for 30 min the glass slides are 
separated, the resultant acrylic strips cut into 5x5 mm squares, water cleaned, disinfected 
by dipping in 70% alcohol, and washed with sterile distilled water. The strips are then 
used for the adhesion assay, after checking the sterility. 

The acrylic strips are placed vertically in wells of sterile serology plates (Dynatech 
Immunlon, USA) and a standard yeast cell suspension added to each well, and the whole 
assembly incubated for one hour at 37°C with gentle agitation. The strips are recovered, 
washed, dried, and stained using a modified Gram stain, without the counter stain. After 
air drying the strips are mounted on glass slides and the adherent yeast quantified by light 
microscopy by counting up to 100 fields. 

Recently a computerized semi-automated program (IBAS 2000, Kontron, Berlin, 
Germany) has been used to quantify the adherent yeasts to denture acrylic 
surfaces.!©!74041 This system allows for semi-automated, rapid detection of adherent 
yeasts by scanning the surface area occupied by the adherent cells. The method, in brief, 
is as follows. 

Once the image of a specific region of the acrylic strip is captured, the margins of the 
individual yeasts and the clumped cells are contoured. However, as the semi-automated 
system contours the cells which are adherent to the edges of the strips as well as other 
dark artifacts, subsequent manual editing is required to eliminate these from the counting 
field. Thereafter, the total area of the adherent yeasts in a given field is recorded. The area 
occupied by a single adherent yeast is derived using a simple formula. 

Total area of adherent cells in a given field (pixels) 

Area occupied by a single yeast (pixels) = 

Number of yeasts in the given field (visual counting) 

Subsequently, the readings from 40 fields are divided by the area of a unitary yeast to 
yield the total number of yeasts attached to a unit area of the acrylic strip. The results 
obtained from the image analyzer correlate well with the adhesion data obtained using 
visual counting with light microscopy.*! This protocol with slight modifications has also 
been used to study the adherence of C. albicans to denture-base materials with different 
surface finishes* and to denture soft lining materials.’? 

Due to the opaque nature of the acrylic resin material, counting stained yeast with 
normal light microscopy is difficult if the fabricated test pieces are too thick. Hence, some 
investigators have stained the adherent yeasts with acridine orange for 2 min to enumerate 
attached yeasts using fluorescent microscopy.®’? Radiolabeled Candida has also been 
used to study the adhesion to polymethylmethacrylate!? and this suffers from low 
sensitivity due to the high background counts of radioactivity. Others have used scanning 
electron microscopy to study the adhesion of Candida to polymethylmethacrylate,’! which 
is a laborious and expensive method that cannot be recommended for novice workers. 

Recently Nikawa et al.*° quantified Candida adhesion and biofilm formation on 
denture acrylic surfaces by using luciferin-luciferase ATP (adenosine triphosphate) 
assay. The acrylic strips with adherent yeasts are immersed in an extraction-reagent 
(benzalkonium) after the conventional assay procedure. The resultant reagent solution is 
then filtered to clarify, and subjected to ATP-measurement using a bioluminescent 
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apparatus (ATPA-1000, T6A Electronics, Tokyo, Japan). This apparatus makes use of the 
firefly luciferase system to determine the concentration of cellular ATP in live Candida. 
In essence, the machine quantifies the light emitted during oxidation of luciferine by 
molecular oxygen in the presence of ATP and magnesium ions. The intensity of light 
emitted is directly proportional to the ATP concentration in adherent yeasts.*° These 
workers have shown that the results obtained with ATP assays are consistent with those of 
conventional viable counts or radiolabeling methods. The excellent correlation between 
yeast cells and the ATP content in this method is not surprising as the assay is based on 
the fundamental principle that the amount of cellular ATP correlates with the dry weight, 
the volume and the number of viable cells.°* Although this method appears to be a 
promising technique for accurate measurement of adherent yeasts, the cost of the 
bioluminescent apparatus is a major drawback. 

A novel approach for the assessment of candidal adherence to translucent acrylic 
material was described recently.’* The method uses the inverted microscope to visualize 
yeast adhering to acrylic surfaces while the test material remains immersed in buffer. The 
authors claim that as the adherent cells are not subjected to surface tension forces, which 
operate during the drying process, an even distribution of yeasts with no aggregation 
occurs when the experiment is conducted, mimicking the in vivo situation. Nonetheless, 
until further experiments are performed in parallel with conventional techniques, the 
veracity of this new method remains to be determined. 


VIII. CONCLUSIONS 


Although a rather bewildering number of methods are available to evaluate candidal 
adhesion to biological and non-biological surfaces it is important to recognize the 
limitations of these methods. Most of the currently available in vitro methods suffer from 
the inability to reproduce the in vivo environment, and hence, the data emanating are 
approximate at best. For instance, the adhesion of microbes within the oral environment is 
highly regulated by the continuous salivary flow and the surface coating of saliva which is 
a complex fluid comprising numerous organic and inorganic constituents and many 
individual variations. Though some have attempted to simulate the oral environment in 
vitro by coating the substrate surface with pure, mixed, stimulated and unstimulated 
saliva or buffers mimicking the composition of saliva, with some degree of success, 
further studies are required to substantiate these findings.°? 

We have alluded above to the quality of the substrate in conducting adhesion 
experiments. In the case of the epithelial cells, this is critical in deriving worthwhile data. 
The variables which should be considered include: the number of cells in the suspension 
mixture, whether the epithelial cells are pooled or not, the time of collecting epithelial 
cells (as the diurnal and menstrual/hormonal rhythm affect quality) and the processing of 
epithelial cells prior to the assay. As for the yeasts in the assay suspension, their quality is 
as important as their quantity. For instance, wild type Candida are far better than 
domesticated, reference strains which are less likely to adhere than the former. However, 
it is salutary to include at least one reference strain within an assay system to yield 
globally comparable data between laboratories. The source of the isolate including the 
clinical condition, and concurrent drug therapy affects the attributes of the yeast 
populations and should be kept in mind when interpreting data. Further, when intra- 
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species variations are compared it is important to use more than six isolates from each 
species to obtain statistically assessable data. 


The above account illustrates the pitfalls of Candida adhesion assays for the unwary. 


Nevertheless, the assay systems currently available have served us well to understand the 
adherence phenomena in C. albicans. However, the researchers who seek further into this 
arena should be in for many surprising and interesting findings, as the journey is yet 
incomplete. 
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Abbreviations 
A/E attaching and effacing 
BFP bundle forming pilus 
CFs colonization factors 
DAEC diffuse adherent E. coli 
EAEC enteroaggregative E. coli 
EAF enteropathogenic E. coli adherence factor 
EHEC enterohemorrhagic E. coli 
EIEC enteroinvasive E. coli 
ELISA enzyme-linked immunosorbent assay 
EPEC enteropathogenic E. coli 
Esp E. coli secreted protein 
ETEC enterotoxigenic E. coli 
F-actin filamentous actin 
FAS fluorescent actin staining 
FITC fluorescein isothiocyanate 
IL-8 interleukin 8 
IP ionositol phosphate 
LT heat-labile enterotoxin 
PKC protein kinase C 
PLC phospholipase C 
PMN polymorphonuclear leukocyte 
ST heat-stable enterotoxin 
Stx Shiga toxin 


I. INTRODUCTION 


Adherence of bacteria to the body surface is the first step in the pathogenesis of most 
bacterial infections. Adherence reflects a specific interaction between a ligand expressed 
on the bacterial surface and a receptor on the epithelial cell surface. This adherence 
process can be studied in vitro using cultured mammalian cells to provide a simple model 
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for investigating host—bacterium interactions. These interactions include the mechanisms 
of adhesion of bacteria to tissue culture cells, identification of bacteria by investigation of 
their adherence phenotype, and the events that occur after the bacteria associate with the 
host cell, such as the capacity to invade these cells. 

Cultured cells, which represent a single cell type, can be grown in defined media under 
reproducible conditions. However, there are certain limitations which may affect inter- 
pretation of experimental data. Cultured mammalian cells are derived either from a 
tumor, in which many genetic changes have already occurred, or by a process of immor- 
talization that produces numerous mutations. During the process of immortalization, cell 
lines lose many traits of the original tissue from which they were derived. One feature that 
can be lost in this process is tissue-specific surface molecules that normally function as 
receptors for bacterial adhesins. This may explain the fact that many bacterial pathogens 
that are highly specific for a particular tissue of the host are frequently able to adhere to 
cultured cells derived from tissue that they do not normally infect. Another problem is 
that most cultured cells exhibit changes to their normal morphology and distribution of 
surface antigens. Cells in intact animals are polarized, whereby different parts of the cell 
are exposed to different environments. For example, the apical surface of normal mucosal 
cells is exposed to the external environment, whereas the basal and lateral surfaces are in 
contact with extracellular matrix. In addition, cells of the mucosa are joined by 
impermeable tight junctions. By contrast, most tissue culture cells do not have 
differentiated surfaces, but this has been achieved for some cell lines. Another limitation 
of cultured cells as representatives of human mucosal surfaces is that mucosal surfaces in 
vivo are coated by mucus and bathed in solutions that are difficult to mimic in an in vitro 
system. Finally, real tissues consist of multiple cell types, not of a single cell type as seen 
in most tissue culture models. 

In spite of the numerous limitations of existing cell lines, they have been extremely 
useful when investigating bacterium—host cell interaction, and, if their limitations are kept 
in mind, cultured cells will continue to be invaluable models. Once a new phenomenon 
has been found with cultured cell lines, experiments can be designed with animal models 
to test the importance of the phenomenon in vivo. 


II. TISSUE CULTURE CELL LINES, COMMON BACTERIA, 
AND COMMON APPROACHES 


A. Commonly Used Cell Lines 


Some of the commonly used nonpolarized cell-lines for studying the bacteria—host 
interaction are: HeLa cells (derived from human cervical epithelial carcinoma), HEp-2 
cells (derived from human laryngeal epidermoid carcinoma), and INT-407 cells (derived 
from human embryonic intestinal cells). The commonly used polarized tissue culture cell- 
lines are Caco-2 cells and HT-29 cells (both derived from human colonic adeno- 
carcinoma). These cells undergo morphologic and functional differentiation into mature 
enterocytes with a well developed microvilli and brush border enzymes. Another 
polarized cell line is T84 cells (derived from human colonic carcinoma). These cells grow 
to confluence as monolayers, exhibit compartmentalization of organelles and form tight 
junctions and desmosomes, and an apical surface with microvilli. Polarized T84 cells are 
morphologically similar to colonic crypt cells. 
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B. Commonly Studied Bacteria 


A variety of bacteria including those causing infections of the gastrointestinal tract 
(e.g., diarrheagenic Escherichia coli), genitourinary tract (e.g., Neisseria gonorrhoeae 
and uropathogenic E. coli), respiratory tract (e.g., Streptococcus sp. and Hemophilus 
influenzae), and systemic infections (e.g., Salmonella sp.) have been shown to adhere to 
tissue culture cells. Some of the consequences of bacterial adherence to tissue culture 
cells include changes in cell morphology without structural damage (e.g., morphological 
changes in Y1 mouse adrenal tumor cells and Chinese hamster ovary cells due to 
the cytotonic cholera toxin of Vibrio cholerae),’!3 damage to the cellular structure 
(e.g., enteropathogenic E. coli),'’ internalization of bacteria (e.g., Yersinia entero- 
colitica),*° replication of internalized bacteria and their spread to adjacent cells 
(for example Shigella sp.),? cytotoxicity (e.g., Shiga toxins of enterohemorrhagic 
E. coli), stimulation of cytokine production (e.g., enteroaggregative E. coli),°° and 
necrosis (e.g., cytotoxic necrotizing factor producing E. coli).° 


C. Bacterial Adherence to Formalin-Fixed Cells 


Conventional bacterial adherence assays are performed using viable cells. The cells are 
harvested from stock culture and the monolayer is prepared at the time of use; however, 
for some assays, the monolayer can be prepared in advance. This is achieved by fixing the 
cells in formalin, which enables the cells to be stored for up to 3 wk. There are several 
advantages of this method. Cover slips with fixed cells can be sent to laboratories where 
tissue culture facilities are not available. Moreover, the fixed cells are resistant to the 
cytotoxic action of some bacteria, which enables the adherence characteristics of these 
bacteria to be easily studied.?° 


D. Bacterial Adherence to Cell Culture Suspension 


The use of cells in suspension is particularly useful for bacteria which cause damage to 
or sloughing of the cell monolayer. Tissue culture cells in suspension can be mixed with 
bacteria and incubated in a rotator. Nonadherent bacteria are then removed by 
centrifugation of the tissue culture cells and repeated washing. Adherent bacteria can be 
counted by colony count, or by light microscopy with or without staining. 


E. Bacterial Adherence to Differentiated Human Cells 


The adherence of bacteria can be studied using differentiated human intestinal cells 
such as Caco-2, T84 or HT-29 cells as described for nondifferentiated cells.3234 
However, unlike nondifferentiated tissue culture cells, differentiated cells possess a num- 
ber of characteristics which enable more complex bacterial—host cell interactions to be 
investigated. These include the study of bacterial transcytosis, which can be investigated 
by seeding epithelial cells on 3 um pore-size polycarbonate filter membranes. The filter 
units are then incubated in wells of tissue culture plates containing culture medium until a 
confluent monolayer is formed. The epithelial cell surface adherent to the filter forms the 
basolateral surface, while the nonadherent surface forms the apical surface. Separating 
these surfaces are tight junctions and polarity which give rise to transepithelial electrical 
resistance. Bacteria are added to the apical surface and transcytosis is measured by 
culturing the bacteria from the basolateral medium at varying times. Transepithelial 
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electrical resistance can also be determined. Ultrastructural changes in the monolayer can 
be studied by transmission and scanning electron microscopy. !! 


I. METHODS FOR STUDYING BACTERIAL ADHERENCE 
TO TISSUE CULTURE CELLS 


Important considerations before performing bacterial adhesion assays are the bacterial 
growth conditions, as they will influence the bacteria—cell interaction. These conditions 
include the bacterial growth phase, temperature of incubation, pH and osmolarity of 
culture media, and the presence or absence of O, and CO). In general, growth conditions 
approximating the in vivo milieu have been found to produce the best results.!° Tissue 
culture cells are routinely grown in the wells of tissue culture plates (on glass coverslips 
for some methods) until they are at least semi-confluent. An appropriate concentration of 
bacteria (approximate multiplicity of infection: 10 bacteria per cell) is added to the cell 
monolayer to interact with the tissue culture cells for an appropriate time, most commonly 
being 3 h. Nonadherent bacteria are removed by washing the monolayer with 
phosphate-buffered saline (PBS).° The capacity of bacteria to adhere to cells can then be 
studied by a variety of methods. 


A. Colony Count 


The cell monolayer can be lysed with an appropriate detergent, such as 1% (v/v) digi- 
tonin or Triton X-100, which does not affect bacterial viability. The volume in each well 
is then increased to 1 mL with culture media, followed by vigorously pipetting the lysate 
to ensure cell disruption. Appropriate dilutions are then plated on agar plates for enu- 
meration of cell-associated bacteria by colony count.” The number of cell-associated 
bacteria is most commonly expressed as a percentage of the original bacterial inoculum. 


B. Radioactivity Count 


Bacteria can be labeled with a radioactive isotope, such as tritiated thymidine, before 
investigation by the adhesion assay. The number of cell-associated bacteria can then be 
measured by lysing the cell monolayer, and measuring the radioactivity of the lysate.® 


C. Enzyme-Linked Immunosorbent Assay 


The number of cell-associated bacteria can be quantitated by ELISA, by either using 
specific antibodies to the adherent bacteria followed by enzyme-conjugated secondary 
antibody, or by using biotinylated bacteria and avidin-enzyme as the detecting agent.” 

When interpreting the results of quantitative methods, a number of limitations must be 
considered. For example, some bacteria, such as Y. enterocolitica and enteroinvasive 
E. coli, may invade tissue culture cells in large numbers. Thus, when considering 
the number of adhesive bacteria, the number of bacteria that have been internalized by the 
cell may need to be determined independently. This is usually quantified by incubating 
infected tissue culture cells in tissue culture medium containing bactericidal antibiotics 
which do not penetrate the tissue culture cell membrane (e.g., gentamicin), and thus, kill 
extra-cellular bacteria while leaving intracellular bacteria intact. After removal of the 
antibiotic from the cells by washing with PBS, the cells are lysed, and the number of 
intracellular bacteria are determined as described for the adhesion assay. In addition, 
quantification of adherence by colony count measures the number of colony-forming units 
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(cfu) and not individual bacteria, which can dramatically underestimate the number of 
adherent bacteria if they exhibit hydrophobic or aggregative adherent properties. 


D. Light and Electron Microscopy 


Tissue culture cells that have been grown on glass cover slips can be infected with 
bacteria as described previously, and then processed for analysis by light microscopy. 
This is achieved by fixing the cells with methanol, followed by staining with Giemsa, and 
then examining the cells by light microscopy. This method can be used to determine the 
pattern of adherence of bacteria, the proportion of cells with adherent bacteria, and an 
estimation of the number of bacteria adherent to each cell. Changes in cell morphology as 
a result of bacterial adherence can also be examined.??-36 

The ultrastructural characteristics of adherence can be studied by visualizing infected 
cells using transmission or scanning electron microscopy. !° 


IV. TISSUE CULTURE ADHERENCE ASSAYS 
FOR STUDYING DIARRHEAGENIC E. COLI 


Diarrheagenic E. coli provides a good example of how bacterial adherence assays 
using tissue culture cells have advanced our understanding of infections. Six categories of 
diarrheagenic E. coli exist, these being enterotoxigenic E. coli (ETEC), enteroinvasive E. 
coli (EIEC), enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC), 
enteroaggregative E. coli (EAEC), and diffuse adherent E. coli (DAEC).! 

ETEC strains adhere to differentiated colonic epithelial cell lines such as Caco-2 and 
HT-29 by means of colonization factors (CFs). Diarrhea due to ETEC is mediated by 
heat-labile enteroxin (LT) and heat-stable enterotoxin (ST). The mechanisms of diarrhea 
have been elucidated using a variety of systems. LT exerts its secretory effect via the 
adenyl cyclase-cyclic AMP pathway, whereas ST acts via the guanylate cyclase-cyclic 
GMP pathway. ETEC can be internalized by tissue culture cells; however, since ETEC 
diarrhea is a prototype of secretory diarrhea, the significance of this observation is not 
known.” 

EIEC and Shigella sp. are genetically similar, and share identical pathogenic 
mechanisms. EIEC are engulfed upon contact with tissue culture cells. This is achieved 
by signal transduction events, whereby bacteria send signals to the cell to induce dramatic 
membrane ruffling and cytoskeletal rearrangements that result in macropinocytosis and 
virtually passive entry of bacteria. The current model of Shigella and EIEC pathogenesis 
comprises epithelial cell penetration, lysis of the endocytic vacuole, intracellular 
multiplication, directional movement through the cytoplasm, and extension into 
adjacent cells.”4 

EPEC strains produce a characteristic histopathology, known as attaching and effacing 
(A/E) lesions, in the intestines of infected humans and animals. This phenotype is 
characterized by effacement of microvilli and intimate adherence between the bacterium 
and the epithelial cell membrane.*! EPEC adhere to cultured mammalian cell-lines, such 
as HeLa and HEp-? cells, in a characteristic pattern known as localized adherence (Fig. 1). 
Marked cytoskeletal changes including accumulation of polymerized actin are seen 
directly beneath the adherent bacteria.!* This observation led to the development of the 
fluorescent-actin staining (FAS) test. In this test, fluorescein isothiocyanate (FITC)- 
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Figure 1. Light micrograph of adherence to HEp-2 epithelial cells by enteropathogenic 
E. coli (EPEC), showing characteristic localized adherence (arrows). Mag x400 


labeled phalloidin binds specifically to filamentous actin in cultured epithelial cells 
directly beneath the adherent bacteria. The fluorescence can be visualized by fluores- 
cence microscopy (Fig. 2). Other cytoskeletal components, including alpha actinin, talin, 
erzin, and villin, also accumulate directly under the bacteria, and are involved in cross- 
linking of the actin microfilaments. 

The interactions between EPEC and host cells have been divided into three stages. The 
initial adherence to cultured epithelial cells is mediated by bundle forming pili (BFP), a 
type IV fimbriae encoded by the EPEC adherence factor (EAF) plasmid. BFP is also 
responsible for binding of bacteria into aggregates seen as localized adherence to tissue 
culture cells. While BFP is not essential for forming the characteristic A/E lesions, it is 
believed that BFP mediates close contact between the bacteria and the host cell. The 
proteins which mediate the formation of A/E lesions are encoded by a 35-kilobase patho- 
genicity island, termed the locus of enterocyte effacement (LEE). The genes required for 
this process include esps (E. coli-secreted protein), escs (E. coli secretion), sep (secretion 
of E. coli proteins), eae (E. coli attaching and effacing, encoding intimin), and tir (trans- 
located intimin receptor). 

The second stage of EPEC pathogenesis involves the secretion of bacterial proteins 
including EspA, EspB and EspD into the host cell. The translocation of these proteins is 
essential for activating a number of signal tranduction pathways. EspB is the critical pro- 
tein involved in the host cell’ s signaling pathways. All of these proteins are secreted by a 
type-II secretion system encoded by the esc and sep genes of LEE. 

The third stage of EPEC pathogenesis is characterized by the intimate attachment of 
the bacteria to the host cell. Intimin, a 94-kDa outer membrane protein encoded by the eae 
gene binds to its receptor on the host cell membrane. This receptor, tir, is of bacterial 
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Figure 2. Phase contrast (A), and fluorescent micrographs (B) of HEp-2 cells incubated 
with EPEC, showing fluorescent-actin staining (FAS) corresponding to areas of bacterial 
adherence. Mag x400. 


origin and is translocated from the bacterial cell into the host membrane, where it 
becomes phosphorylated. Purified intimin also binds B1 integrins, which suggests 
that intimin may be binding more than one receptor on the epithelial cell. The resultant 
association is accompanied by the formation of actin pedestals on which the pathogen 
resides (Fig. 3). Some of these bacteria become internalized. In response to intimate 
attachment, signal transduction events are activated, including activation of phospho- 
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Figure 3. Transmission electron micrograph of HEp-2 cells incubated with EPEC. Some 
bacteria adhere to the host cell membrane before inducing attachment effacement lesions 
and pedestal formation (arrows), while other bacteria are internalized by the cell 
(arrowheads). Mag x8000. 


lipase C (PLC) and protein kinase C (PKC), inositol triphosphate (IP3) fluxes, av? Ca” 
release from internal stores. The signal transduction response to EPEC also results in 
migration of polymorphonuclear leukocytes (PMN). It is suggested that the binding of 
EPEC to epithelial cells activates a eukaryotic trancription factor which in turn upregulates 
the expression of the pro-inflammatory cytokine, IL-8, which attracts PMN. Multiple 
mechanisms could be involved in diarrhea due to EPEC. These include active chloride 
secretion involving PKC, malabsorption due to loss of microvilli and the local inflamma- 
tory response, and increased intestinal permeability. 

Enterohemorrhagic E. coli are the causative agents of hemorrhagic colitis and hemolytic 
uremic syndrome. EHEC adhere to cultured epithelial cells and produce an 
A/E lesion similar to EPEC. However, they do not produce BFP. All strains of the major 
serotype O157:H7 contain a plasmid, designated pO157, but the role of this plasmid in the 
pathogenesis of disease, including its role in adherence to epithelial cells, is controversial. 
A major virulence factor of EHEC is the Shiga toxin (Stx), of which there are two major 
types: Stx1 and Stx2. Stx production can be determined by using tissue culture cells, as 
they produce characteristic cytopathic effect on HeLa and Vero cells.?!:?5 

Enteroaggregative E. coli have been associated with persistent diarrhea in children in 
developing countries. EAEC adhere to tissue culture cells in a characteristic pattern of 
layered bacteria known as “stacked-brick” configuration (Fig. 4). EAEC are also internalized 
by tissue culture cells. As with invasion of epithelial cells by many other bacterial patho- 
gens, the invasion of host cells by EAEC can be inhibited by chemicals that interfere 
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Figure 4. Light micrograph of adherence to HEp-2 epithelial cells by enteroaggregative 
E. coli (EAEC), showing characteristic ‘“stacked-brick’ phenotype (arrows). Mag x400. 


with signal transduction and actin polymerization.? Another consequence of adherence 
of EAEC to tissue culture cells is the production of IL-8. This characteristic is clinically 
relevant, as children infected with EAEC have evidence of inflammation in the 
intestine.*° 

Diffuse adherent E. coli adhere to cells in a distinctive pattern, whereby bacteria are 
evenly distributed over the surface of the cells without forming microcolonies or clumps 
(Fig. 5). DAEC strains induce the production of finger-like projections extending from 
the surface of tissue culture cells, which “embed” bacteria without complete internaliza- 
tion. Some strains of adherent bacteria induce cytoskeletal and cytochemical changes, 
but the majority of DAEC strains appear to have no effect on mammalian cells. Some 
strains of DAEC may also produce a lesion similar to the A/E lesion of EPEC in cultured 
cells. This is accompanied by accumulation of actin and phosphorylation of proteins at 
the site of bacterial attachment. Furthermore, these strains secrete proteins homologous to 
EspA, EspB, and EspD of EPEC that are necessary for signal transduction leading to A/E 
lesions.! By contrast, some other strains of DAEC induced F-actin disassembly by piracy 
of decay-accelerating factor signal transduction.*° Another category of DAEC adheres to 
mammalian cells in a clustered pattern and then invades the cells as a cluster causing 
capsule-like actin accumulation around each cluster.** 

Although we have emphasized how in vitro adherence studies with tissue culture cells 
have helped in the identification and characterization of diarrheagenic E. coli, the same 
principles of investigation are applicable to other pathogenic bacteria. In fact, cell culture 
adherence studies have been used to investigate the pathogenesis of infection with a 
number of other pathogens, including Bordetella pertussis,'® Neisseria gonorrhoeae,'° 
uropathogenic E. coli,!> and Yersinia sp.'* 
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Figure 5. Light micrograph of adherence to HEp-2 epithelial cells by diffuse adherent 
E. coli (DAEC), showing characteristic even distribution of bacteria on epithelial cells 
(arrow). Mag x400. 


V. CONCLUDING REMARKS 


Mucosal colonization of the host by adhesion to host cells is the first step in the 
pathogenesis of many infectious diseases. In vitro adherence studies of pathogenic bacteria 
to tissue culture cells have advanced our understanding of bacteria—host cell interactions. 
In some cases the bacterial ligands mediating adhesion to the receptors in host cell 
membrane have been identified, which has contributed to progress in the preparation of 
anti-adhesive vaccines. However, the adhesion molecules and corresponding receptors 
for many pathogenic bacteria are yet to be discovered. In vitro adherence studies of 
bacteria to tissue culture cell should continue to be an area of intensive research because 
they can provide practical information concerning targets for preventing or containing 
disease. In addition, much can be learned about the biology of the cell itself, including 
transmembrane signaling, cytoskeletal reorganization and programmed cell death. 
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I. INTRODUCTION 


Group A streptococci are responsible for a number of clinical syndromes including 
pharyngitis, impetigo, pneumonia, puerperal sepsis, and myositis. Recently, an increase 
in the incidence of streptococcal toxic shock syndrome and necrotizing fasciitis have been 
noted which have a high morbidity and mortality rate.?™!4 Two nonsuppurative sequelae 
of group A streptococcal infections, acute rheumatic fever (ARF) and acute glomerulo- 
nephritis (AGN), are the most significant health problems stemming from group A 
streptococcal infections worldwide. Development of ARF is usually preceded by a 
streptococcal infection of the pharynx, whereas AGN may be caused by infections of 
either the skin or oral mucosa, but only by certain nephritogenic strains.?™!53 Exactly how 
an antecedent streptococcal infection leads to ARF or AGN is unknown, but autoimmune 
humoral and cellular responses to infection are suspected of contributing to these 
diseases. 

Although group A streptococci remain sensitive to penicillin, antibiotic therapy is not 
always available or effective. In some cases, group A streptococcal infections progress so 
rapidly that antibiotic therapy may have little or no impact on the outcome. Some patients 
have developed ARF without realizing a need for medical attention. In an outbreak of 
ARF in Utah, a large number of patients did not even recall having had a sore throat 
before the onset of ARF symptoms. !46 

Thus, there is a clear need for alternatives to antibiotic therapy. Other forms of 
treatment being considered are vaccines that protect the host against colonization and 
invasion, adhesin or receptor analogs that block adhesion, neutralization of toxins and 
superantigens by intravenous immunoglobulins, and replacement therapy with 
commensal organisms. One requirement for developing effective new therapies is a 
detailed knowledge of the molecular mechanisms utilized by group A streptococci to 
adhere to and/or invade host cells, how they survive after invasion, and how elaboration 
of virulence factors leads to tissue damage. In this chapter, we will review some of the 
currently known mechanisms of adhesion and virulence and how this information is being 
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Figure 1. Structure of M protein 
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Figure 1. Structure of M protein. 


used to develop strategies for preventing streptococcal adhesion and subsequent 
infections. 


II. SURFACE STRUCTURES AND CLASSIFICATION 
OF GROUP A STREPTOCOCCI 


Before discussing the pathogenic mechanisms of Streptococcus pyogenes, it will be 
helpful to describe some of the surface structures used for classification. Group A 
streptococci are Gram-positive cocci that demonstrate B-hemolysis on blood agar plates. 
These organisms are classified as group A based on serological reactivity with antibodies 
to the cell wall carbohydrate (C-carbohydrate). The C-carbohydrate is composed of 
polymers of L-rhamnose and N-acetyl glucosamine. The latter sugar contains the 
antigenic epitope. 

M proteins are alpha-helical coiled-coil proteins that emanate from the surface of the 
bacteria.©*!> The general structure of M proteins is shown schematically in Figure 1. The 
N-terminal half of the molecule varies considerably between different types of M 
proteins, while the C-terminal half is highly conserved. The N-terminal 30-50 amino 
acids of the M protein are hypervariable and serve as the basis for serotyping group A 
streptococci into more than 90 different M types. 

M proteins have been classically defined by functional characteristics, namely the 
ability to confer resistance to phagocytosis and to evoke opsonic antibodies. However, 
these definitions have begun to blur as new information has become available. In some 
serotypes, M-like or M-related proteins are also required for optimal resistance to phago- 
cytosis, but these proteins have not yet been found to evoke opsonic antibodies.'!* The 
nomenclature for these proteins was derived from the observation that there is a high 
degree of conservation between the C-terminal halves of these proteins and those of M 
proteins. The genes for M-related proteins (Mrp), M proteins, and M-like 
proteins (Mlp) are linked tandemly in the same gene cluster under control of the positive 
regulator, Mga (Fig. 2).°+!!9 The genes for these proteins are mrp, emm, and enn 
respectively. Mrp may also be referred to as FCRA and Mlp may be referred to as Enn. 
Mrp and Enn usually bind the Fc domain of IgG and IgA respectively. Mga may also 
control expression of several other genes.!!3 A global regulator was recently identified 
that negatively regulates expression of the genes for Mga, protein F2, and a collagen- 
binding protein (Cpa).!!? 
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Figure 2. Generalized scheme for the Mga regulon. The positive regulator Mga controls the 
expression of several different genes. These genes are linked tandemly and are flanked on the 
5' end by mga and on the 3' end by scp. Mga also controls expression of SOF.** The sof gene 
is located at a different chromosomal locus as indicated by the gap. All group A 
streptococci tested so far contain mga, emm, and scp. Other serotypes may contain one or 
more of the remaining genes. Alternate designations are listed below each gene. The sic gene 
has been found in only M1 and M57 strains and is located between sph and scp. There may be 
an additional gene between sic and scp?. Note that the protective antigen in M type 4, in which 
arp was described, has not been defined and arp does not confer resistance to phagocytosis.” 


Serum opacity factor (SOF), so named for its ability to opacify mammalian sera, is 
another group A streptococcal protein that is used to categorize and serotype S. pyogenes. 
SOF contains type-specific determinants that covary with the determinants of M 
protein.!6! Thus, the M serotype can be determined by typing with SOF antisera, 
assuming that the strain is SOF-positive. SOF typing sera are mainly used in those cases 
where M protein typing sera are not available or difficult to prepare. 

Group A streptococci have also been divided into two classes based on reactivity with 
monoclonal antibodies that distinguish differences in the conserved C-repeat region of M 
proteins.! Class I organisms are generally SOF-negative, are associated with upper 
respiratory tract infections, and do not generally express Mrp or Enn proteins. Class II 
organisms are SOF-positive, express Mrp or Enn or both, and are associated with skin or 
pharyngeal infections. 

Another typing scheme is based on expression of T proteins and R proteins. !©7!°3 The 
function of these proteins is not known and they have not yet been shown to be involved 
in the virulence of group A streptococci and will not be discussed further. 


II. ADHESION 


Most bacterial infections are preceded by adhesion of bacteria to the tissues of the skin 
or mucosal surfaces. This initial adhesion is required for the bacteria to avoid the 
cleansing mechanisms of the host, such as the muco-ciliary blanket and the rapid 
shedding of epithelial cells. The organisms must also be able to resist bactericidal and/or 
bacteriostatic agents, such as lysozyme and hydrogen peroxide in oral secretions, and the 
defensins and fatty acids of the skin. Adhesion also provides a survival advantage in the 
competition for nutrients and may effectively increase concentrations of bacterial toxins 
in the vicinity of the host cell. 166 

The attachment of bacteria to the epithelium of the host requires an interaction between 
ligands on the surface of the bacteria (adhesins) and surface structure(s) of the host cell 
(receptors). In the case of group A streptococci, fibronectin (Fn) was the first host protein 
identified as a receptor.!*8 (For a review of the general role of Fn in bacterial adhesion see 
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references.®~7!) Succinctly, the evidence that Fn is a receptor is: 1) Fn and antisera against 
Fn blocked adhesion of group A streptococci to human buccal epithelial cells;4* 2) adhe- 
sion of streptococci to buccal cells correlated with the amount of Fn on the surface of 
these cells;! and 3) the streptococcal-binding domain of Fn was identified as an 
N-terminal 28 kDa fragment and this fragment also blocked streptococcal adhesion to 
human buccal cells.5537 Other host proteins suggested to be receptors for group A 
streptococci are listed in Table 1. Undoubtedly, additional host cell receptors will be 
discovered as different streptococcal strains and host cells are tested. 

Lipoteichoic acid (LTA) was the first purified adhesin found to block attachment of 
group A streptococci to a wide variety of host cells.?*4 LTA reacts with Fn, inhibits 
Fn-binding to streptococci, and reacts with the N-terminal streptococcal-binding domain 
of Fn. Anti-LTA blocked adhesion to host cells and colonization of the oral cavity of mice 
by group A streptococci. Penicillin induced the release of LTA complexed with Fn from 
the surface of streptococci and the released Fn was precipitated by anti-LTA serum but 
not by antiserum directed against other surface antigens of streptococci.!°? Since the 
initial report on LTA, at least 15 additional surface components have been suggested to 
play a role in adhesion of group A streptococci to host cells (Table 1). The 28-kDa protein, 
glyceraldehyde-3-phosphate dehydrogenase (G3PDH), PBFP, and SOF can bind to Fn, 
but no direct role in adhesion has been demonstrated for these putative adhesins. The 
vitronectin-binding protein is presumed to bind to vitronectin on host cells and mediate 
adhesion, but this has not been demonstrated directly. The streptococcal binding domain 
of vitronectin has been localized.*’ There is substantial data indicating that LTA, M 
protein, protein F/Sfb, protein F2, and FBP54 mediate adhesion to host cells. Recent 
evidence also suggests that the hyaluronate capsule may mediate adhesion to certain types 
of cells by interaction with CD44. 133 

M protein was initially thought to be involved in adhesion because M-positive strains 
attached in greater numbers to host cells than did non-isogenic, M-negative strains. 
Subsequently, M protein was purified and found not to block streptococcal adhesion to 
human buccal epithelial cells.*3469-71 Recently, the role of M protein in adhesion was 
investigated by comparing the adhesion of M-negative mutants to their wild type 
parents.?’>94 There were no differences between the adhesion of M-negative mutants 
and wild type parents to human buccal cells, which agrees with earlier findings. However, 
the M-negative mutants failed to attach to HEp-2 tissue culture cells or to human 
keratinocytes, whereas the wild type parents readily attached to these cells. Purified M 
proteins and LTA were shown to block adhesion to HEp-2 cells.*? These data suggested 
that M proteins play a role in adhesion but only to certain types of host cells. M proteins 
may also bind to influenza A-infected cells by interactions with fibrinogen bound to viral 
particles on the surface of host cells.!?” It was suggested that this finding may help to 
explain the association between certain viral infections and those of group A streptococci. 

Several Fn-binding proteins of group A streptococci have been identified and some of 
these were shown to be involved in adhesion (Table 1). Protein F (or Sfb, an allelic 
variant) was discovered by two independent groups.6®!44 Protein F/Sfb contains two 
different domains that react with Fn.!*° Protein F2 is another Fn-binding protein that 
reacts with Fn via two distinct domains.” These domains contain repeated sequences that 
bear striking homology to repeats in the Fn-binding proteins of other bacteria. Purified 
protein F/Sfb was found to block adhesion to HEp-2 cells. Inactivation of the gene for 
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Table 1. List of Putative Streptococcal Adhesins and Receptors 


Adhesin Receptor Reference 
Lipoteichoic acid Fn, macrophage scavenger receptor — 773:36.38.59.61, 
66,138 
M protein Fen, CD46, galactose, 33,39,40,105, 
fucose/fucosylated glycoprotein 106,148,151,152 

Fn, laminin 47 

Protein F1/Sfb1 Fn, integrins 68, 98,108,144 

Protein F2 Fn 76,132 

PFBP Fn 122 

FBP54 Fn, Fgn 37, 43 

28 kDa protein Fn 35 

G3PDH Fn, Fgn 109,164 

Vn-binding protein Vn 87,145 

Galactose-binding protein ? 5 

Hyaluronic acid CD44 133 

C-carbohydrate ? 22 

SOF Fn 32,85,120 

Collagen-binding protein Collagen 112,147 

SpeB Integrin 141 

4% Laminin 143 


Fn, fibronectin; Fgn, fibrinogen; Vn, vitronectin. 


protein F/Sfb resulted in a dramatic decrease in streptococcal adhesion to HEp-2 cells and 
Langerhans cells. It was proposed that Fn acts as a bridge between the Fn-binding 
proteins on the streptococcal surface and integrins on the surface of host cells.!°8 
Southern blot analysis indicated that approximately 48% of the strains tested did not 
contain the gene for protein F/Sfb.!°? Most of those found to be negative were ARF strains, 
suggesting that protein F does not have a role in the pathogenesis of ARF and may be 
more important in the pathogenesis of skin infections. 

FBP54 is another Fn-binding protein that is expressed on the surface of group A 
streptococci.*743 The N-terminal domain of Fn binds to streptococci, interacts with 
FBP54, and blocks streptococcal adhesion to human buccal cells. The Fn-binding domain 
of FBP54 was localized to the first 89 residues of the N-terminus of the molecule. 
A degenerate repeat motif was identified which had little homology with other Fn- 
binding repeats. Analysis of serum from patients with poststreptococcal ARF or AGN 
indicated that FBP54 was expressed and immunogenic in the human host. Antiserum to 
FBP54 reacted with 5 out of 15 strains tested, indicating that FBP54 is expressed by some 
but not all group A streptococci. It is not yet known if FBP54 is preferentially expressed 
by skin or pharyngeal strains of group A streptococci. Confirmation of the role of FBP54 
in adhesion will require experiments with FBP54-negative mutants. 

The hyaluronate capsule appears to contribute to the ability of group A streptococci to 
colonize the oral cavity of mice.!55-156 Inactivation of the hasA gene in an encapsulated 
strain of group A streptococci resulted in loss of capsule expression, and a reduction in 
their ability to colonize the oral cavity of mice and to resist phagocytosis. The hyaluronate 
capsule has recently been suggested to mediate streptococcal adhesion to human 
keratinocytes by interaction with CD44.!33 These same investigators have also reported 
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Figure 3. Hypothetical two-step model for adhesion of S. pyogenes to host receptors. It is 
proposed that adhesion occurs in two distinct steps. The first step serves to overcome 
repulsion that occurs between two negatively charged particles such as bacteria and host 
cells. It is suggested that LTA mediates this first step by hydrophobic interactions between 
its lipid moiety and receptors on host surfaces. This step is nonspecific and reversible. 
Completion of the first step facilitates the interaction of a second step adhesin with its 
receptor. The second step adhesin confers tissue specificity and leads to high affinity 
adhesion. M protein is shown as a second step adhesin in the model, but other adhesins such 
as protein F/Sfb, FBP54, etc., can also serve as a second adhesin. (Reproduced with 
permission.™) 


that expression of the hyaluronic acid capsule is inversely related to internalization of 
streptococci by human keratinocytes.!*4 It is not clear how the capsule can initiate 
adhesion to keratinocytes and block internalization at the same time. Our data indicate 
that expression of capsule decreases the ability of streptococci to adhere to a variety of 
host cells.44 Perhaps the hyaluronate capsule has an indirect role in adhesion. Hyaluronate 
has been shown to stimulate cytokine expression in host cells,’ and it may be possible 
that the hyaluronate capsule upregulates expression of host cell receptors for other 
streptococcal adhesins. 

At first glance, the data on the potential roles of the various adhesins appear to be 
contradictory. In order to account for these diverse and seemingly inconsistent findings, 
we proposed that group A streptococci utilize multiple adhesins to adhere to host cells and 
that adhesion occurs by a two-step mechanism.” In the first step, the streptococci must 
overcome the electrostatic repulsion separating its surface from that of the substratum 
(Fig. 3). We proposed that LTA mediates this initial step for most, if not all, group A 
streptococci. Completion of the first step would provide for relatively weak, reversible 
adhesion which is not sufficiently specific to provide for tissue tropism. A second step 
dependent upon another tier of adhesins (e.g., protein F, FBP54, M protein, etc.) must then 
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occur in order to achieve firm or perhaps functionally irreversible adhesion that is tissue 
specific. If either the first step or the second step adhesin is missing or blocked, firm 
adhesion will not occur. The validity of this hypothesis is supported by the findings“ that: 
1) streptococci in which exposure of LTA is masked by the hyaluronate capsule are 
rapidly removed by washing; 2) streptococci in which LTA is exposed on the surface, but 
M protein is not expressed, exhibited only loose adhesion; 3) streptococci in which both 
LTA and M protein are exposed remained firmly attached even after six washes; 4) both 
LTA and M protein inhibited streptococcal attachment to HEp-2 cells;*3 and 5) antiserum 
to both LTA and M protein blocked colonization of the oral cavity of mice.7°°® 

Recent findings from several laboratories have also provided support for the concept 
that group A streptococci utilize multiple adhesins to mediate adhesion and that the type 
of second-step adhesin expressed will determine what specific host tissues are targeted. 
M protein mediates adhesion to HEp-2 cells and keratinocytes, but not to human buccal 
cells or Langerhans cells.3339:!-!06 Protein F mediates adhesion to Langerhans cells, but 
not to keratinocytes.!°°> FBP54 mediates adhesion to human buccal cells, but not to 
HEp-2 cells.? Although our model offers an explanation for some of the data discussed 
above, it does not resolve all of the issues. The model will undoubtedly be modified as 
new information becomes available. 

Adhesion of group A streptococci to host cells may also lead to invasion of these 
cells.4647:86.134 Streptococci expressing M1 protein bound Fn and invaded human lung 
cell cultures, whereas an M-negative mutant had a reduced capacity to bind Fn and to 
invade these cells. It was suggested that one mechanism of invasion was mediated by 
interactions between M protein, Fn, and integrin. Laminin was also found to promote 
invasion of the M1 positive strain but not the M-negative strain. Laminin-stimulated 
invasion also appears to be mediated by an integrin. Protein F1 is another adhesin that 
promotes invasion of host cells. Similar to the mechanism used by M1 protein, Fn serves 
to link protein F1 and integrins on Hela cells resulting in uptake of streptococci. !°8 

While attachment of bacteria to host surfaces is considered a prerequisite for infection, 
attachment can also induce subsequent changes in both the host cells and the adherent 
bacteria. One consequence of adhesion of bacteria to epithelial cells is an increase in the 
secretion of proinflammatory cytokines by host cells. Attachment of group A streptococci 
stimulated the release of cytokines from HEp-2 cells and human keratinocytes.*4:!4° 
M protein was found to be the major adhesin involved in attachment to both of these cell 
types. In the case of HEp-2 cells, M protein was required for firm adhesion necessary for 
an increase in IL-6 secretion, but it is not known whether M protein directly initiated this 
increase or if some other streptococcal factor is involved after attachment occurs. 
Although M protein-mediated adhesion to keratinocytes stimulated cytokine production, 
other streptococcal factors also appear to be involved. !4? 

A number of group A streptococcal products other than M proteins can elicit cytokine 
production. Peptidoglycan-polysaccharide complexes and superantigens from 
streptococci induced secretion of cytokines from a variety of host cells. It has been 
proposed that the cytokines IL-1, IL-6, tumor necrosis factor, and interferon play a central 
role in tissue destruction and death due to shock triggered by superantigens.*4!29.140 
Adhesion of streptococci to host cells would serve to increase the effective concentrations 
of these streptococcal products in the milieu immediately surrounding host cells and may 
help to initiate an inflammatory cascade. 
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Table 2. Plasma Proteins That Bind to S. pyogenes 


Host protein Streptococcal receptor Reference 

Fen M protein, Mrp, T protein, 114,130,132 
G3PDH, FBP54 43,109 

Fn M protein, G3PDH, 109,132 
protein F/Sfb, FBP54, SOF, LTA — 3236.43.68 

Plasminogen Plr (G3PDH)* 89,164 

PAM (Mlp), M protein 14,30,150 

Kininogens M protein 12,13 

FHL-1 M protein 7 

C4BP Arp, Sir, protein H 81 

Albumin M protein 3,109 

Factor H M protein 12413 

IgA Enn, Arp, Sir 19,114 

IgG Mrp, M protein, Sir, protein H 3,114,119,139 

IgM Mrp 114 

Clusterin Protein SIC 2 

HRG Protein SIC 2 

a2 macroglobulin Protein GRAB 121 


*Proteins in parenthesis indicate alternative nomenclature. 
Abbreviations: 

G3PDH = glyceraldehyde-3-phosphate dehydrogenase 

Mrp = M-related protein 

Mlp = M-like protein 

HRG = histidine rich glycoprotein 

GRAB = protein G related «2-macroglobulin binding protein 

FHL-1 = factor H like protein 1. 


IV. VIRULENCE FACTORS 
A. M Proteins 


The interaction between group A streptococci and a number of plasma proteins has 
been linked to increased resistance to phagocytosis, survival in deep tissues, and increased 
virulence in animals (Table 2). It has long been recognized that expression of M protein is 
linked to virulence of group A streptococci and several mechanisms have been proposed 
to account for this association. One proposal suggests that the binding of fibrinogen to M 
protein confers resistance to phagocytosis. Whitnack et al.!58-160 found that M type 24 
S. pyogenes were effectively killed in serum but not in plasma. Addition of fibrinogen to 
serum restored the ability of streptococci to survive. Immunofluorescence assays of C3 
binding to streptococci indicated that fibrinogen effectively reduced deposition of 
complement on the surface of the bacteria. These results have been confirmed using 
M-negative and M-positive isogenic pairs of streptococci.*?+9.!!5 The M types used in 
these assays, M5, M6, M18, and M24, were all class I organisms which do not generally 
express Mrp or Enn proteins. Recently, Mrp from an M type 49 strain was found to bind 
fibrinogen and to be required for resistance to phagocytosis.!!* Although the role of 
fibrinogen was not investigated in this study, it remains a possibility that resistance 
mediated by Mrp49 was due to interaction with fibrinogen. 
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The interaction of fibrinogen with M proteins may have other consequences as well. 
Plasminogen can interact with fibrinogen that is bound to M proteins or Mrp. Once bound, 
plasminogen is activated by streptokinase*® which may contribute to the invasive 
properties of the streptococci. Other proteins such as G3PDH (also called Plr) and PAM 
(also called Mlp or Enn) bind plasminogen directly,!+!+!® providing group A 
streptococci with multiple mechanisms for binding plasminogen. 

M proteins also react with Factor H,” a regulatory component of the alternative 
complement pathway that inhibits soluble C3b and helps control substrate bound C3b. 
Binding of Factor H to M protein was suggested to inhibit complement deposition on the 
bacterial surface. Factor H can also bind to fibrinogen,’? and may help in limiting 
complement deposition by interacting with fibrinogen complexed with M protein. 
However, binding of factor H is not required for resistance to phagocytosis. An 
S. pyogenes mutant expressing an M6 protein from which the C-repeat was deleted did 
not bind factor H, but was able to multiply in human blood.!!! The role of fibrinogen- 
binding in the growth of this mutant in blood was not investigated. 

The hypervariable domain of M proteins and related molecules may also bind C4BP, 
which down regulates activation of complement by the classical pathway.*! Arp proteins 
from M types 4 and 60, Sir protein from M type 22, and protein H from M type 1 were all 
capable of binding C4BP. The binding sites in these proteins were localized to their 
N-terminal residues. The N-termini of these proteins have little homology, but key 
residues were proposed as necessary for binding. It was suggested that the degree to which 
members of the M protein family formed coiled-coil dimers was inversely related to their 
ability to bind C4BP. Interestingly, M5 protein did not bind C4BP, indicating that not all 
members of the M protein family bind C4BP. However, the N-termini of M5 and M6 
proteins were found to bind the complement inhibitor FHL-1.’? Thus, M proteins have 
evolved multiple mechanisms for limiting complement deposition. 

Another plasma protein that binds to M proteins is human kininogen.'*? A large 
number of M-positive serotypes bound kininogen whereas M-negative strains did not. 
Purified M proteins also bound kininogen. Binding of kininogen to streptococci in human 
plasma resulted in the release of bradykinin, a potent vasoactive peptide. It was suggested 
that the binding of kininogen to streptococci could have other biological consequences. 
Since kininogens are inhibitors of cysteine proteases, the binding of kininogen may 
modulate the effects of the streptococcal cysteine protease (SPEB). Kininogen also 
binds to several types of host cells and could potentiate adhesion of streptococci to 
these cell types. 

It should be stressed that M proteins do not exhibit precisely the same structures or 
functions. For example, M3 protein binds Fn,'** whereas M5 and M24 proteins do not.*? 
Some M proteins bind immunoglobulins by interacting with their Fe domain, whereas 
other M proteins do not.*!!!9 M proteins that vary in structure may also vary in their 
functions or may achieve the same function by a different mechanism. The contributions 
of M proteins to a particular function very likely depend upon the genetic background of 
the strain, co-expression of other virulence factors, and the environment. 


B. Serum Opacity Factor 


SOF is a large protein of ~100 kDa that is found in a cell-bound and extracellular form. 
SOF specifically cleaves apolipoprotein Al in high density lipoproteins, which may 
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account for the opalescence in serum caused by SOF. !?8 Five sof genes from S. pyogenes 
have been sequenced.***>.!7° All contained a highly conserved Fn-binding region that 
consisted of tandemly repeated peptides. In addition, the leader sequences and the 
membrane anchor regions were highly conserved. Short spans of conserved sequences 
were interspersed throughout the remaining parts of the proteins. The enzymatic domain 
was contained between amino acid residues 148 and 843. The role of SOF in virulence 
was investigated by insertional inactivation of sof2.*? The SOF-negative mutant did not 
opacify serum and Fn binding was reduced by 70%. Complementation with sof28 fully 
restored the ability to opacify serum and bind Fn. Only 7% of mice challenged with the 
SOF-positive parent survived, whereas 80% of mice challenged with the SOF-negative 
mutant survived. None of the mice challenged with the SOF-negative mutant that was 
complemented with sof28 survived. These data indicate that SOF is a virulence factor of 
group A streptococci. 


C. Immunoglobulin Binding Proteins 


The binding of immunoglobulins to the streptococcal surface has also been suggested 
to have a role in virulence. Group A streptococci express a number of different proteins 
that bind the Fc domain of immunoglobulins by non-immune mechanisms (Table 2). Mrp 
proteins, Mlp (or Enn) proteins and some serotypes of M proteins can bind immuno- 
globulins. Mrp proteins usually bind IgG molecules whereas Mlp proteins usually bind 
IgA molecules.These proteins discriminate between immunoglobulins of different mam- 
malian species and preferentially bind immunoglobulins of a particular isotype? 117-119 

The binding of immunoglobulins by group A streptococci has been found to be 
associated with the invasive potential of the organisms.?*°? Boyle and coworkers have 
classified IgG-binding proteins that react with IgG,, IgG,, and IgG, as type Ila, those that 
react with IgG, as type Ilo, and those react with only IgG; as type IIb.!!7"!!9 It was 
shown that serial passage of a strain of group A streptococci in murine skin air sacs or 
human blood resulted in a dramatic increase in IgG binding activity. Recently, expression 
of the IgG-binding protein, Mrp, was found to be required for growth in human blood, a 
clear indication of virulence.!!+ Protein H is a member of the M protein family that 
binds IgG and activates complement.*:!> Protein H can be cleaved by SCPA (C5a 
peptidase) and released. Intravenous administration of protein H was found to be lethal in 
rabbits. It was speculated that the ability of soluble protein H to form complexes with 
immunoglobulins and activate complement caused these deaths and may contribute to 
AGN in humans.!> Inactivation of the protein H gene, sph, resulted in decreased 
deposition of complement on the surface of the mutant. Whether the mutant was able to 
resist phagocytosis was not reported. Thus, soluble protein H activates complement, 
whereas surface bound protein H prevents activation of complement. It was suggested 
that other streptococcal IgG-binding proteins may function in a similar manner. 

It has been suggested that coating of bacteria with immunoglobulins or other host 
proteins may accomplish several other functions.*! This could be a form of molecular 
mimicry in which the coated bacteria looks like the host to effector cells. Binding of host 
proteins may also serve to signal the bacteria that they are in a particular niche of the host 
and that relevant genes need to be turned on or off. The immunoglobulin-binding proteins 
may also act as adhesins by reacting with immunoglobulin-like receptor molecules on 
host cells. IgG-binding proteins were found to be expressed primarily by those strains 
associated with skin infections, suggesting a role in tissue tropism.!8 The immuno- 
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globulin-binding proteins may serve multiple, overlapping functions such as avoiding 
immune surveillance, adhesion, and resistance to phagocytosis. 


D. Protein SIC 


Protein SIC (streptococcal inhibitor of complement-mediated lysis) has been found in 
only M types 1 and 57.” Protein SIC has several unusual features. First, it does not have 
any homology with other streptococcal proteins, either within or outside the Mga regulon. 
Second, it does not contain the LPXTG anchoring motif and is an extracellular protein. 
Protein SIC binds to two different plasma regulators of the membrane attack complex of 
complement, incorporates into C5b-C9 complexes, and inhibits complement-mediated 
lysis.? 


E. C5a Peptidase 


C5a peptidase (SCPA) is an endopeptidase that is expressed on the surface of all group 
A streptococci that have been examined and some also release SCPA into culture 
supernatants. The peptidase is highly specific for the complement-derived chemotaxin 
C5a and it has been proposed that cleavage of this chemotaxin by SCPA inhibits recruit- 
ment of phagocytes into the area of infection.'°’ To determine the role of SCPA, the scp 
gene was inactivated and the mutant tested in a mouse air sac model of infection.” There 
were no significant differences between the rate of mortality in mice receiving SCPA- 
negative mutant and those receiving the wild type parent. However, SCPA-negative 
mutants were cleared more rapidly than the wild type parent and the total number of 
neutrophils infiltrating the site of infection was greater in mice challenged with wild type 
streptococci than with the mutant. The route of dissemination of these organisms was also 
different. The mutant streptococci were transported to lymph nodes first, whereas the 
wild-type parent spread by a hematogenous route. It was speculated that SCPA-negative 
streptococci were more efficiently phagocytized by dendritic cells and macrophages and 
delivered to the lymph nodes, whereas the wild-type strain was more resistant to phagocy- 
tosis and invaded the blood stream. 

The role of SCPA in colonization of the oral cavity of mice was also tested. SCPA- 
negative mutants were cleared more rapidly from the oral cavity of mice than wild type 
strains.’’ Up to 50% of the mice were colonized after intranasal challenge with wild type 
streptococci, whereas only 11% of mice were colonized after challenge with the SCPA- 
negative mutant. It was suggested that expression of SCPA prevented rapid clearance of 
streptococci by inactivating CSa and reducing infiltration of phagocytes. 


F. Protein GRAB 


Protein GRAB (protein G related @2-macroglobulin binding protein) is a streptococcal 
surface protein that binds @2-macroglobulin, a protease inhibitor in plasma, and inhibits 
proteolytic activity of both S. pyogenes and host proteases.!?! The binding domain was 
localized to the N-terminal region. The grab gene was found in most group A strepto- 
cocci. An isogenic GRAB mutant was less virulent in mice than the parental strain when 
injected intraperitoneally. 


G. Hyaluronic Acid Capsule 


The hyaluronate capsule is composed of polymers of the disaccharide glucoronic-B-1,3- 
N-acetylglucosamine. The expression of hyaluronate capsule has long been thought to 
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contribute to the ability of group A streptococci to survive in blood. Streptococcal strains 
that have caused the recent outbreaks of severe infections were heavily encapsulated. The 
role of capsule has been previously investigated by treating the streptococci with 
hyaluronidase, which enzymatically removes the capsule. Such treatments were found to 
increase phagocytosis of streptococci, suggesting that the capsule contributed to 
resistance to phagocytosis. Recently, data have been presented that confirms this concept. 
Inactivation of the hasA gene, which encodes for hyaluronate synthase, resulted in loss of 
capsule expression, reduced the ability to multiply in blood, and reduced virulence in an 
animal model.!0!-156.131 Capsule negative mutants were defective in their ability to 
colonize the oral cavity of mice.!*> The hyaluronate capsule may also mediate adhesion 
to certain types of host cells, as mentioned above. Although the capsule is clearly a 
virulence factor, it is not a vaccine candidate because hyaluronate is expressed by 
mammalian cells and is poorly immunogenic. 

While the capsule is clearly a virulence factor, it should not be construed that it is 
important for virulence in all strains of group A streptococci. In a recent survey of 1,100 
isolates of S. pyogenes, 3% of isolates from uncomplicated pharyngitis were mucoid, 
21% of isolates from serious infections were mucoid, and 42% of isolates from rheumatic 
fever patients were mucoid.®° The relative contribution of the hyaluronate capsule to 
virulence may depend upon co-expression of other virulence factors. 4101.156 

The hyaluronate capsule has been thought to be relatively inert with its main function 
being to impede phagocytosis by providing a relatively large barrier that sterically 
hindered interactions with phagocytes. However, recent studies suggest that fragments of 
hyaluronate may interact with CD44 on host cells and stimulate secretion of cytokines. 
These studies utilized fragments of human hyaluronic acid and streptococcal forms of 
hyaluronic acid have not been tested. Although both human and streptococcal hyaluronic 
acid are composed of identical subunits, only certain sized fragments were capable of 
stimulating cytokines and it is not known if streptococci generate such sizes. These 
studies suggest that it is possible that the hyaluronic acid capsule may have a more active 
role in the pathogenesis of streptococcal infections than previously thought. 


H. Toxins 


Group A streptococci elaborate a number of extracellular substances that may 
contribute to the virulence of the organism by acting directly on host cells or by 
generating by-products detrimental to the host. Among these are streptokinase, DNAse, 
hyaluronidase, LTA, streptolysin O, streptolysin S, NADase, streptococcal pyrogenic 
exotoxins, and other less well characterized substances. 

Streptokinase catalyzes the conversion of plasminogen to plasmin. There are different 
antigenic forms of streptokinase, but all appear to perform the same function. It has been 
speculated that streptokinase aids streptococci in penetrating the fibrin barrier that may 
form around focal lesions. Streptokinase also activates plasminogen that is bound to 
fibrinogen complexed with M or M-like proteins on the surface of streptococci.!>° 
Inactivation of the streptokinase gene, ska, resulted in a dramatic decrease in the binding 
of plasminogen and streptococcal-bound enzyme activity.°° 

DNAse degrades DNA and may aid in liquefying the highly viscous pus that forms in 
lesions. Streptolysin O is an oxygen-labile hemolysin that is cytotoxic for a number of 
host cell types. Streptolysin S is stable in the presence of oxygen but generally requires 
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some form of carrier for activity. It is thought to be a small peptide that may be generated 
from cleavage of a another protein and is toxic for host cells. LTA is cytotoxic for a 
number of cell types and LTA bound to cells can activate complement.4!99.!37 

The streptococcal pyrogenic exotoxins (SPEs), also known as erythrogenic toxins, have 
been implicated as central contributors to the streptococcal toxic shock syndrome (STSS). 
The SPEs are superantigens capable of stimulating T cell proliferation and induction of 
cytokines. *4:!29.140 It has also been proposed that SPEs may deplete certain types of T 
cells.!>4 The induction of cytokines such as TNFa/B, IL-1, and IL-6 has been proposed as 
one mechanism contributing to tissue injury. 

The role of SPEB in virulence was investigated by inactivation of the speB gene in M 
types 3 and 49 S. pyogenes.”° Approximately 93% of mice challenged with the M3 SPEB- 
negative mutant survived, whereas only 7% of mice challenged with the wild type parent 
survived by day 5. Similarly, 47% of mice challenged with the M49 SPEB-negative 
mutant survived, whereas only 3% survived challenge with the wild type parent. Recently, 
a SPEB variant was found to contain the cell binding motif, RGD.'*! It was suggested that 
this variant may act as adhesin since this variant interacted with human integrins. SPEB 
may also contribute to virulence by degrading host proteins such as Fn and vitronectin or 
by activating metalloproteases of the host. 

A number of other toxins and mitogenic factors have been described but their role in 
virulence is less clear. There may be as many as 20 different mitogens produced by a 
single strain of group A streptococci.*4 


V. VACCINES FOR PREVENTING STREPTOCOCCAL INFECTIONS 


Antibodies to surface components of group A streptococci can provide protection 
against infections by several different mechanisms: 1) antibodies may opsonize the 
streptococci and promote phagocytic killing; 2) antibodies may block colonization of the 
host; and 3) antibodies may neutralize the activity of a toxin. Specific examples of each 
type of mechanism and the targeted virulence factor are presented. 


A. Vaccines to Hypervariable Domains of M Proteins 


Current efforts to produce a group A streptococcal vaccine have focused on M proteins 
and were stimulated by the finding that M proteins evoked bactericidal antibodies that 
lasted for as long as 30 years following natural infections. Early vaccine trials indicated 
M proteins evoked protective antibodies in humans.®-°? However, a significant number 
of the vaccinated people developed toxic reactions and some actually developed ARF,”! 
suggesting that these preparations were not of sufficient purity. Subsequently, it was found 
that even highly purified preparations of M proteins may induce antibodies that 
cross-react with human tissues.”4°?°4 The epitopes that induced these cross-reactive 
antibodies have been identified for many types of M proteins and appear to reside within 
the A, B, and C repeat regions of M proteins.?448-52 

The potential problems associated with M protein epitopes that induce cross-reactive 
antibodies were avoided by focusing on the N-terminal, hypervariable domain of M 
proteins. It was demonstrated that the hypervariable domain contains the type-specific 
epitopes of M proteins and that protective antibodies were evoked by synthetic peptides 
copying the amino acid residues in the hypervariable N-terminus of several serotypes of 
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M proteins.68-1154.56 Importantly, antisera raised against these synthetic peptides did not 
cross-react with human tissues. 

A second obstacle to an M protein based vaccine is that antisera to M protein usually 
provide type-specific protection and will not protect against infections from heterologous 
serotypes. Presently there are more than 90 different serotypes of group A streptococci, 
indicating the difficulty of preparing a vaccine effective against all known serotypes. How- 
ever, not all serotypes are associated with ARF or AGN,” and the majority of life-threat- 
ening infections are caused by a limited number of serotypes.®° Thus, it is 
theoretically possible to prepare a multivalent vaccine against a limited number of 
serotypes that would provide protection against a majority of the serotypes causing 
serious illness. 

The first multivalent vaccine consisted of a hybrid synthetic peptide containing type- 
specific, N-terminal domains of M5, M6, and M24 proteins in tandem.’ The trivalent 
vaccine evoked opsonic antibodies against all three serotypes of group A streptococci and 
none of the antisera cross-reacted with human tissues. However, the synthetic peptide 
approach becomes cumbersome or impossible as more serotypes are added. Thus, 
recombinant DNA techniques were used to create a tetravalent vaccine.’ The approach 
entails amplifying the 5' termini of emm genes, splicing these emm sequences, and 
ligating the hybrid gene into an expression vector. The first construct consisted of the 5' 
termini of emm24, emm5, emm6, and emm19. The hybrid, recombinant protein evoked 
opsonic antibodies against all four serotypes of group A streptococci, although antibody 
titers were significantly lower against the C-terminal M19 protein. 

An octavalent, recombinant, hybrid construct was prepared as described above 
consisting of N-terminal peptides of M24, M5, M6, M19, M1, M3, M18, and M2 proteins 
linked in tandem.>° This octavalent vaccine evoked antibodies in rabbits that reacted with 
all 8 serotypes of group A streptococci. Opsonic antibodies were produced only against 
the first six M proteins; none of the rabbit antisera opsonized M type 18 or M type 2 group 
A streptococci. This finding was similar to that with the tetravalent vaccine in which the 
C-terminal M19 peptide evoked only low levels of opsonic antibody. Whether the poor 
responses to the C-terminal peptide was due to an unfavorable conformation of the 
C-terminus or excessive proteolytic processing is not known. This problem was 
overcome by reiterating the M24 peptide at the C-terminus. Adding the M24 peptide to 
the C-terminus led to high titered antisera against the penultimate peptide that opsonized 
strains of the corresponding serotype. 

There are several advantages in using a vaccine constructed as described above. First, 
such a vaccine can incorporate peptides from many M types and offer protection against a 
wide variety of serotypes. Second, the construction of a single molecule containing 
multiple protective epitopes should help to simplify purification and testing of vaccines. 
Incorporation of a purification tag such as a polyhistidine leader sequence would also aid 
in purification. Third, by preparing a number of such hybrid proteins it would be possible 
to tailor the vaccine to target relevant serotypes as warranted by new epidemiological 
evidence. Fourth, hybrid, multivalent constructs do not need carrier proteins to elicit 
protective responses.’ 


B. Vaccine Against Conserved Epitopes of M Proteins 


Another approach that is being pursued is a vaccine against conserved domains of 
M proteins. The rationale for this approach is that antisera to a common domain of 
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M proteins may provide protection against a wide variety of serotypes. A logical choice 
of antigen is the C-repeat domain of M proteins which is highly conserved among 
different serotypes. Since secretory IgA is thought to play a significant role in blocking 
adhesion of bacteria to mucosal surfaces of the host, it seems reasonable to focus on 
vaccine conjugates that stimulate a specific IgA response. Intranasal immunization of 
mice with synthetic peptides copying residues of the C-repeat domain of M6 protein 
conjugated to the B subunit of the cholera toxin was found to increase levels of salivary 
IgA and serum IgG that reacted with M6 protein.!” These antibodies reacted with multiple 
serotypes of group A streptococci indicating the presence of shared epitopes. Mice 
immunized with the conjugate had a reduced level of pharyngeal colonization when 
challenged with M type 6 S. pyogenes as compared to mice immunized only with the 
cholera toxin subunit. However, this C-repeat vaccine did not protect against systemic 
infections since the rate of mortality was the same in both groups of mice. The failure of 
the vaccine to protect against systemic infections was suggested to be due to the inability 
of serum antibodies to the C-repeat domain to opsonize group A streptococci. 

We also found that intranasal immunization of mice with synthetic peptides from the 
C-repeat domain of M5 protein conjugated to the cholera toxin subunit B protected mice 
against pharyngeal colonization and death after challenge with M type 24 group A 
streptococci.”+ Antisera to the conjugate vaccine did not opsonize streptococci, in 
agreement with other findings. Thus, protection against death was presumed to be due to 
stimulation of antibodies that block adhesion of the streptococci to oral tissues. 

One concern regarding the use of C-repeat peptides in a vaccine is the possibility of 
stimulating antibodies that cross-react with human tissues. Antisera to the synthetic 
peptides from the C-repeat domain of M5 protein were found to cross-react with a protein 
in human kidneys and myosin,!!48 In addition, the level of antibodies reacting with 
C-repeat domains are elevated in patients with ARF and it was suggested that these 
antibodies may play a role in development of ARF through cross-reactions with myosin 
in heart tissues.!°° Although these findings are discouraging, it may be possible to avoid 
epitopes within the C-repeat domains that elicit antibodies that cross-react with human 
tissues. For example, antisera from ARF patients reacted with a limited number of epitopes 
within the C-repeats, suggesting that there may be epitopes that do not induce 
cross-reactive antibodies. ! 


C. Vaccine to Group A C-Carbohydrate 


The group A streptococcal cell wall carbohydrate has been proposed as a potential 
vaccine, based on the findings that high titered antisera to its antigenic epitope, N-acetyl 
glucosamine, were able to opsonize group A streptococci.!*° These antisera also opsonized 
multiple serotypes indicating cross-protection against heterologous serotypes. It was 
suggested that an increase in antibodies to group A C-carbohydrate might explain the 
observation that upper airway infections due to group A streptococci usually diminish 
with age. While this antigen may ultimately prove useful in development of a multi- 
component vaccine, antisera to the group A cell wall carbohydrate have not been tested 
for cross-reactions with human tissues. In addition, protection required high titers that 
may be difficult to achieve in humans. 
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D. Vaccine to C5a Peptidase (SCPA) 


The structure of SCPA does not appear to vary significantly among serotypes of group 
A streptococci, suggesting that such a vaccine construct might provide protection against 
multiple serotypes. To determine if this was the case, mice were immunized with 
recombinant SCPA from M type 49 S. pyogenes.’® Antisera from the immunized mice 
neutralized the peptidase activity of SCPA from 4 different serotypes, demonstrating a 
lack of serotype specificity. Furthermore, the immunized mice were protected against 
intranasal challenge from M type 49 S. pyogenes. Immunized mice also had a reduced rate 
of infection when challenged with M types 1, 2, 11, and 6 S. pyogenes. These data 
suggested that a C5a peptidase vaccine may be able to evoke cross-protective antibodies 
that neutralized the peptidase activity of SCPA. It would be interesting to ascertain the 
relative frequency and titers of antibodies to C5a peptidase in patients and controls to 
determine if the development of antibodies to C5a peptidase correlates with protection. 


E. Vaccines to Adhesins 


Of all the putative adhesins listed in Table 2, only LTA, M proteins, and Sfb1 have 
been shown to evoke protective antibodies in an animal model of infection. Passive 
immunization of mice with rabbit antisera to LTA blocked colonization of the oral cavity. 
Instillation of LTA in the nares of mice prior to challenge with group A streptococci 
dramatically reduced colonization of the oral cavity. Deacylated LTA had no effect on 
colonization. These studies suggested that LTA might be useful as a vaccine component. 
However, LTA is not a viable vaccine candidate because it is a common surface antigen 
of most Gram-positive organisms and an LTA vaccine might alter the microbial flora. In 
addition, antibodies to LTA can react with human antigens. Although LTA may not be 
useful as a vaccine, it may have use in certain limited circumstances. Topical application 
of LTA to teats prevented infection with group B streptococci in mice neonates.*> 

Immunization with M proteins also evokes antibodies that block colonization of the 
oral cavity of mice by group A streptococci (see sections V.A. and V.B. above). Whether 
a vaccine will evoke adhesion-blocking antibodies or opsonic antibodies or both depends 
on the vaccine construct and route of immunization. Vaccines containing the hyper- 
variable domain of M proteins can evoke both types of antibodies when administered 
intranasally, whereas vaccines to conserved domains contained in C-repeats only evoke 
antibodies that block colonization. 

We have tested rabbit antisera to FBP54 for opsonic activity in whole human blood and 
found no effect (unpublished data). Although antibodies to FBP54 did not opsonize group 
A streptococci, it still remains to be determined if antibodies to FBP54 can block 
adhesion in the oral cavity of mice. 

Intranasal vaccination of mice with the Fn-binding protein, SfbI (also termed protein 
F1), protected mice against lethal, intranasal challenges with homologous and heterolo- 
gous serotypes.°’ The cholera toxin subunit B was used as an adjuvant and conjugated to 
Sfb1. The degree of protection correlated with the levels of the specific antibodies in 
serum and lung lavages. However, intranasal vaccination did not provide protection 
against an intraperitoneal challenge, suggesting that Sfb1 does not evoke opsonic 
antibodies. The authors concluded that an IgA or IgG response that blocks adhesion was 
critical in protecting against intranasal challenges. Interestingly, Sfb1 was found to be an 
effective adjuvant and the Fn-binding domain stimulated B cell activation.?>° 
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In screening for antigens that have the potential to induce antibodies that block 
adhesion, it is logical to first investigate those antigens known to be involved in adhesion. 
However, it is possible that antibodies that react with a surface antigen that is not 
involved in adhesion may also block adhesion by steric hindrance. We are not aware of a 
single case where antibodies that reacted with the surface of streptococci failed to block 
adhesion. 


F. Vaccine to SPEs 


Since many of the features of STSS are thought to be due to SPEA, the effect of anti- 
serum to SPEA on streptococcal infections in rabbits was investigated.!?? Rabbits were 
immunized with SPEA and then challenged subcutaneously with either M type 3 or M 
type 1 S. pyogenes. Only 20% of mice receiving placebo survived a challenge with M type 
3 S. pyogenes, whereas 84% of immunized mice survived. Approximately 53% of mice 
receiving placebo survived a challenge with M type 1 S. pyogenes, whereas 87% of 
immunized mice survived. 

Passive immunization of mice with antibodies to cysteine protease (SPEB) enhanced 
survival of mice challenged with group A streptococci.*? Immunization of mice with SPEB 
significantly prolonged survival time in mice challenged with heterologous strains of 
group A streptococci. These data suggests that immunization with SPEB can elicit 
non-type specific immunity to group A streptococci. 


G. Vaccine to a New Protective Antigen (Spa) 


Recently, a protein from an M type 18 strain was described that evokes antibodies that 
opsonized the streptococci and protected mice against challenge infections of type 18 
group A streptococci.*? The protein was termed streptococcal protective antigen (Spa). 
Antisera against Spa was also found to opsonize M types 3 and 28 group A streptococci. 
Serotypes that were not opsonized included M types 1, 2, 5, 6, 13, 14, 19, and 24. This is 
the first time that a group A streptococcal protein has been identified, other than M 
protein, that evokes opsonic antibodies. Whether or not Spa has a role in resistance to 
phagocytosis remains to be determined. 


VI. NONVACCINE BASED STRATEGIES 


A. Competition with Commensal Organisms 


Recurrent infections are not uncommon after treatment of group A streptococcal 
pharyngitis with antibiotics. Recurrences can be due to failure to complete the prescribed 
regimen or to intracellular reservoirs of the organism,!°’ but other factors may also be 
involved. Antibiotic treatment may disturb the composition of the normal flora, 
especially those capable of interfering with growth of group A streptococci. It has been 
reported that the presence of bacteria in the oral cavity that are bactericidal for group A 
streptococci increases with age, whereas bacteria that are bacteriostatic for group A 
streptococci are more prevalent in the young individuals. It was suggested that this 
disparity may contribute to greater resistance of adults to group A streptococcal 
infections. Therefore, restoration of normal o-streptococci in the oral cavity may help to 
prevent recurrent infections. In a double blind, placebo-controlled study, patients with 
recurrent group A streptococcal infections were treated with antibiotics for 10 d 
followed by either a spray of a pool of selected O-streptococci or placebo for 5 d. 
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Twenty-three percent of patients receiving the placebo had recurrent infections whereas 
only two percent of the patients receiving o-streptococcal treatment had a recurrent 
infection. !? 


B. Desorption of Adherent Bacteria 


The adhesion of many bacteria including group A streptococci has been found to be 
related to the surface hydrophobicity of the organism.*4 An emulsan that prevents the 
interaction of bacteria with hydrocarbons and desorbs bacteria attached to a variety of 
surfaces has been described. Recently clinical trials were performed with an oil-water, 
two-phase mixture containing cetylpyridinium chloride.!*+ Subjects rinsed with the two- 
phase mouthwash, Listerine, or placebo in the morning and at bedtime. Rinsing with the 
two-phase mouthwash consistently reduced the levels of oral bacteria, plaque 
accumulation, and halitosis, when compared to placebo treatments. Listerine was slightly 
less effective in controlling malodor as compared to the two-phase mouthwash. 


C. Intravenous Immunoglobulin Therapy (IVIG) 


Some streptococcal infections progress so rapidly that antibiotic therapy has little to no 
effect on the outcome. This is particularly relevant to streptococcal toxic shock syndrome 
(STSS) and necrotizing fasciitis. One of the major factors believed to be responsible for 
such a rapid deterioration is the elaboration of toxins by group A streptococci. The 
superantigens SPEA, SPEB, and SPEC have all been linked to STSS. Other mitogenic 
factors may also play a role.* It is thought that these superantigens initiate a cascade of 
inflammatory responses that results in extremely high levels of TNF and other cytokines. 
Limited studies have suggested that pooled human immunoglobulins may be beneficial in 
treatments of STSS. In a matched case-control study, IVIG treatment reduced mortality 
from 80% to 40%, a significant rate of protection.®’ Analysis of IVIG indicated the 
presence of antibodies that neutralize the mitogenic and cytokine-inducing activities of 
streptococcal superantigens.'°* Plasma from patients treated with IVIG had increased 
levels of neutralizing antibodies. Interestingly, the level of protection did not correlate 
with antibody titers to superantigens but did correlate with the level of neutralizing 
antibodies to superantigens. Based on these findings it was proposed that IVIG treatment 
be administered in conjunction with antibiotic treatment. 


D. IL-12 Therapy 


IL-12 enhances cell-mediated immunity by increasing cytolytic activity of macro- 
phages, NK cells, and T-cells.?? Since IL-12 can increase resistance of the host to a 
variety of bacteria, it was tested for its effect on group A streptococcal skin infections in 
mice.’ Mice were given IL-12 intraperitoneally and then inoculated with group A 
streptococci in skin air sacs. By day four, only 20% of mice receiving placebo survived, 
whereas 60% of mice receiving IL-12 survived. 


E. Antibiotics 


The primary effect of antibiotics on bacteria is their ability to inhibit growth or to kill 
the organism. Due to the possibility of acquisition of resistance to antibiotics by bacteria, 
new forms of antibiotics are being constantly researched. One novel antibiotic was 
described by Bjorck et al.?! A peptide mimicking the binding domain of a cysteine 
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protease was synthesized and found to prevent growth of group A streptococci. 
Moreover, the synthetic peptide protected mice against lethal infections of group A 
streptococci. It was suggested that the primary target of the peptide inhibitor was the 
streptococcal cysteine protease (or SPEB) and that inactivation of SPEB inhibited growth. 

Antibiotics may have other effects in addition to bacteriostatic and bactericidal actions. 
Penicillin was found to induce the release of LTA from group A streptococci in the 
stationary phase of growth, to reduce binding of Fn to streptococci, and to reduce 
adhesion to host cells.4! Berberine sulfate was also found to induce the release of LTA 
from group A streptococci, to reduce binding of Fn to streptococci, and to reduce 
adhesion to host cells. !47 


VII. GENERAL COMMENTS 


A general theme that can be found concerning the pathogenicity of group A 
streptococci is that these organisms can use multiple mechanisms for adhesion, survival, 
and toxicity. The types of mechanisms used will depend upon the genetic background of 
the strain, the type of tissues involved, and environmental factors. Many of the surface 
proteins can serve multiple functions and the functions of different proteins may overlap. 
This provides the organisms with a safety net if one protective mechanism fails to func- 
tion in a particular environment. 

From a perusal of Tables 1 and 2 it can readily be seen that only a few of the adhesive 
and virulence factors of group A streptococci have been tested for their potential to 
prevent streptococcal infections. While M proteins are an obvious choice for a vaccine, 
other possibilities should not be overlooked. It is likely that as other surface proteins are 
investigated, one or more will be found to evoke protective antibodies. Likely candidates 
are the Fn-binding proteins since these proteins contain conserved Fn-binding repeats and 
antisera against one will likely react with another. Antisera to the Fn-binding domains of 
Staphylococcus aureus have been shown to provide protection in an animal model.!”° 
Since the domains of the Fn-binding proteins of group A streptococci bear remarkable 
homology with those of S. aureus, it seems reasonable to investigate whether antisera to 
these domains may also protect against infections from S. pyogenes. Other likely vaccine 
candidates are the SPEs. Identification of common domains within a particular SPE could 
lead to a vaccine that neutralizes its activity. 

Many of the virulence factors of group A streptococci have been identified. This 
knowledge has been used to develop several constructs that may be useful as vaccines. 
Further investigations will provide new information leading to the development of more 
complex vaccines. One could visualize a multivalent vaccine construct that induces 
protective immunity against a broad range of human pathogens. It has been shown that 
conjugates of the diphtheria toxin, hepatitis surface antigen, tetanus toxoid, and M protein 
can evoke immunity to all 4 antigens.*® Incorporation of M protein in the measles 
vaccinia virus stimulated antibodies to both the virus and M proteins. A recombinant 
form of Streptococcus gordinii has been engineered to express hybrid proteins anchored 
on the surface by the C-terminal domain of the M6 protein.°?!!° Intranasal and oral 
inoculations in mice with live recombinants resulted in colonization and stimulation of 
salivary and serum antibodies. Hopefully, such constructs are only the harbinger of 
vaccines to come. 
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I. INTRODUCTION 


Since the initial step in the pathogenesis of catheter related infections is the 
adhesion of bacteria to the polymer, prevention of bacterial adherence should be an 
ideal way to avoid foreign body infections.*! A scientific understanding of the inter- 
actions between microorganisms and commonly used polymers is the basis of any 
effective development of devices with antiinfective surfaces. Thus Ferreirós et al. 
studied the in vitro adhesion of twenty nine Staphylococcus epidermidis strains to 
Teflon, polyethylene and polycarbonate.!! It was found that all strains showed a high 
adhesion to polymers with a high surface free energy. Reid et al. investigated the 
adhesion of microorganisms to urinary catheter surfaces.“ They found Lactobacillus 
acidophilus adhesion correlated with substratum surface tension, whereas adherence 
of a S. epidermidis strain did not. Escherichia coli adhered very poorly to all polymers 
tested. A correlation between surface tension of different synthetic polymers used for 
medical purposes and staphylococci was also observed in a study conducted by us:*? 
bacterial attachment decreased with increasing surface tension of synthetic materials. 

As most bacteria in an aqueous environment exhibit a negative surface charge, it 
had been expected that negatively charged polymers would lead to a reduction in 
bacterial adhesion. Carballo et al. found a correlation between bacterial charge of 
several S. edidermidis strains and the adhesion to seven synthetic polymers.’ 
Adherence of E. coli to an anion exchange resin was affected by the pH of the 
bacterial suspension, suggesting that ionic groups were involved in the adhesion 
process.'’ Harkes et al. investigated the adhesion of three E. coli strains to 
poly(methacrylates).!© They found a correlation between bacterial adhesion and the 
zeta potentials of the polymers, indicating an influence of surface charge. We 
observed a reduction of S. epidermidis adhesion to polyurethane which had been 
surface-grafted with acrylic acid (resulting in a negatively charged surface) when 
compared with control polyurethane.”® 


Handbook of Bacterial Adhesion: Principles, Methods, and Applications 
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Table 1. Surface Modification by Physicochemical Methods 


Modified material 


Modification 


1st Author®eF 


Titanium Crosslinked ovine serum albumin An! 

Polyurethane Glycerophosphorylcholine Baumgartner? 

Polystyrene Poly(ethylene oxide) Bridgett* 

Poly(propylene oxide) 

Polyethylene terephthalate, Latex Poly(ethylene oxide) Desai? 

Polycarbonate, Polyethylene, Photochemical coating Dunkirk!” 

Polymethylmethacrylate, Polypropylene, 

Polystyrene, Polysulfone, Polyurethane, 

Poly(vinyl chloride), Silicone 

Polyurethane Sulfonated poly(ethylene oxide) Han!5 

Gold film Self-assembled monolayers of Ista?° 
substituted alkanethiols 

Polyurethane Radiation techniques Jansen*4 

Polyurethane, Polyethylene, Glow discharge technique Jansen?” 

Polypropylene, Polyethylene terephthalate 

Polyurethane Hydrophilic coated catheter Tebbs*?? 
(Hydrocath®) 

Poly(vinyl chloride) Heparin Zdanowski*® 


Il. SURFACE MODIFICATION BY PHYSICOCHEMICAL METHODS 


On the basis of the above results, several groups have tried to change the surface 
chemistry of polymer materials in order to reduce the force of attraction between micro- 
organisms and the biomaterial (Table 1). Special interest has been set on the alteration of 
surface hydrophilicity, i.e., surface tension or surface energy. 

Tebbs et al.? compared the adherence of five S. epidermidis strains to a polyurethane 
catheter and to acommercially available hydrophilic, poly(vinyl pyrrolidone)-coated poly- 
urethane catheter (Hydrocath®, British Viggo, Swindon, UK). Adhesion of three strains 
was considerably reduced by the coated catheters. Our own approaches to developing 
anti-infective materials comprised the modification of polymer surfaces by radiation or 
glow discharge techniques, e.g., the hydrophilic 2-hydroxyethylmethacrylate (HEMA) 
was covalently bonded to a polyurethane surface by means of radiation grafting, leading 
to a reduced in vitro adhesion of S. epidermidis.*4 A photochemical coating of polymers 
was used by Dunkirk et al.!° demonstrating that the coating reduced adhesion of a variety 
of bacterial strains. 

One method of achieving hydrophilic surfaces is by modification of polymer materials 
with poly(alkylene oxides) or substituted poly(alkylene oxides). Thus Bridgett et al. 
studied the adherence of three isolates of S. epidermidis to polystyrene surfaces which 
were modified with a copolymer of poly(ethylene oxide) and poly(propylene oxide). A 
substantial reduction in bacterial adhesion was achieved in vitro with all surfactants tested, 
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independent of the poly(ethylene oxide) or poly(propylene oxide) block lengths. Similiar 
results were found by Desai et al.? who investigated the adhesion of S. epidermidis, 
S. aureus and Pseudomonas aeruginosa to polyethylene terephthalate films which were 
surface-modified with poly(ethylene oxide). They observed reductions between 70 and 
95% in adherent bacteria as compared to the untreated polymer. 

Han et al.!5 improved the effectiveness of a polyurethane copolymer by using sulfonated 
poly(ethylene oxide) as surfactant. The sulfonated poly(ethylene oxide) surface showed 
higher water uptake than poly(ethylene oxide) or the polyurethane itself, indicative of 
increased hydrophilicity. The sulfonated material showed significantly lower adhesion of 
S. epidermidis than both the polyurethane control and a sample which was modified with 
poly(ethylene oxide). Baumgartner et al.” incorporated glycerophosphorylcholine (GPC) 
as a chain extender in a series of poly(tetramethylene oxide)-based polyurethane block 
copolymers. Water absorption was increased with GPC content. In a radial flow chamber, 
utilizing automated video microscopy, decreased bacterial adhesion was found on the 
GPC-containing materials compared to other functionalized polyurethanes both in the 
absence of and after pre-adsorption with plasma proteins. 

Ista et al.” studied the attachment of S. epidermidis and a marine organism (Deleya 
marina) to the surface of self-assembled monolayers firmed by the adsorption of substi- 
tuted alkanethiols on gold films. This technique allows the generation of surfaces with a 
high density of the surfactant. The alkanethiol chains were terminated with hexa(ethylene 
glycol), methyl, carboxylic acid or fluorocarbon groups. The adhesion of both test organ- 
isms was studied by phase contrast microscopy under flow conditions. Again, the 
poly(ethylene oxide) group — the hexa(ethylene glycol) — showed a very low adhesion 
with a 99.7% reduction of attachment for both organisms when compared to the most 
fouled surface for each microorganism. On the other surfaces, S. epidermidis and 
D. marina were shown to exhibit very different attachment which responses to the 
wettability of the substratum. While the attachment of S. epidermidis correlated 
positively with surface hydrophilicity, D. marina showed a preference for hydrophobic 
surfaces. These results make clear that not only the hydrophilicity of the polymer device 
influences the adhesion of microorganisms but also the surface properties of the 
bacterium itself. 

A parameter which considers the surface tension (or hydrophilicity) of the polymer 
material, the bacterium, and the surrounding medium is the free enthalpy of adhesion. We 
used this parameter in a study where the adherence of S. epidermidis to a variety of 
polymers with different surface properties, generated by means of the glow discharge 
technique, was investigated.** Although no influence of the hydrophilicity of the surface 
modified materials on bacterial adherence was noticed, a strong correlation between the 
free enthalpy of adhesion and adherence was observed. We found that adhesion of the 
bacterium to the modified materials decreased with increasing negative free enthalpy 
values. We could prove a certain minimum number of the adherent S. epidermidis strain if 
the free enthalpy of adhesion had positive values. These results suggest that in vitro there 
seems to exist a certain minimum number of adherent bacteria independent of the nature 
of the polymer, so that in reality a “zero adherence” seems impossible. However, with the 
described materials a reduction in bacterial adhesion could be achieved. Modified 
polymers with negative surface charge allow for bacterial adherence close to the adherence 
minimum. 
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Table 2. Modification with Antimicrobial Substances Different from Antibiotics 





Device Modification Ist Author®!. 
Polyurethane, Silicone Silver Boeswald? 
Central venous catheter (Hydrocath®) Silver Gatter!? 
Polyurethane Parabens Golomb!* 
Modified polyurethane Silver Jansen”? 
Central venous catheter (Hydrocath®) Iodine Jansen 
Silicone urinary catheter Silver oxide Johnson” 
Ethylvinyl acetate, Polyethylene, IRGASAN® Kingston?” 
Polypropylene, Poly(4-methyl-1-pentene) 
Modified poly(vinyl fluoride) Iodine Kristinsson?’ 
Latex urinary catheter Silver Liedberg?? 
Collagen cuff Silver Maki’* 
Polyurethane catheter Chlorhexidine and Maki?5 
silver sulfadiazine 
Silicone, Poly(vinyl chloride), Sputter coating McLean*° 
Teflon, Butyl rubber 
Swan-Ganz pulmonary artery catheter Benzalkonium chloride Mermel?” 
Oligodynamic iontophoresis- | Milder*® 


enhanced material 
Silicone catheter Electrically generated silver Raad?’ 


Silicone catheter Ion implantation Sioshansi*! 


Also, heparin-coated poly(vinyl chloride) decreases the adherence of S. epidermidis, 
S. aureus and E. coli compared to the uncoated material.** A precoating with human 
plasma reduced the adhesion of the tested species to plain poly(vinyl chloride) but did not 
affect the binding to modified poly(vinyl chloride). However, after precoating with 
plasma, the heparin-coated material showed a higher binding of S. aureus than the 
unmodified polymer, which might possibly be due to bridging effects of fibronectin or 
other plasma proteins. The study emphasizes that the adhesion to a biomaterial is also 
influenced by plasma proteins. An et al.! coated titanium surfaces with bovine serum 
albumin using carbodiimide, a crosslinking agent. Only 10% of the crosslinked albumin 
decayed off the surface during a 20-d incubation period and throughout the experiment 
bacterial adherence was reduced. 


I. MODIFICATION WITH CHEMICAL SUBSTANCES 
EXHIBITING ANTIMICROBIAL PROPERTIES 


To reduce foreign body infections substances with antimicrobial properties different 
from those of antibiotics were used in developing new catheter materials (Table 2). 
Golomb et al. embedded parabens in polyurethane by a solvent cast method. The 
incorporated drug decreased the number of S. epidermidis colony forming units on the 
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polymer surface considerably.'* The disinfectant IRGASAN® incorporated into several 
polymers showed a reduction in polymer-associated infections in rabbits as well.?” Most 
Swan—Ganz pulmonary artery catheters have heparin bonded to the surface with 
benzalkonium chloride to reduce thrombosis. Because the benzalkonium chloride has 
intrinsic anti-microbial activity, heparin-bonded catheters exhibit activity against a wide 
range of microbial pathogens, including Candida albicans.*’ 

We developed a technique to load a central venous catheters with iodine. Adherence of 
various microorganisms (Staphylococcus sp., E. coli, or Candida sp.) to the catheter was 
completely inhibited for the duration of iodine release.** Also, iodine was complexed to 
polyvinylfluoride films which were grafted with N-vinylpyrrolidone.*? In in vitro 
experiments no viable microorganisms on these materials could be detected at least 
for 5 d. 

Among metals with antimicrobial activity silver has raised the interest of many 
investigators because of its good antimicrobial action and low toxicity. Sioshansi et al.*! 
used the technique of ion implantation to deposit silver-based coatings on a silicone rubber 
which thereafter demonstrated antimicrobial activity. Also silver—-copper surface films, 
sputter-coated onto catheter materials, showed antibacterial activity against 
Pseudomonas aeruginosa biofilm formation.*° We developed an antimicrobial polymer 
by binding silver ions to an acid-modified, negatively-charged polyurethane surface.?? 
The number of adherent S. epidermidis cells in vitro was reduced compared to the native 
modified polymer. Also a hydrophilic central venous catheter was loaded with silver. ! 
The device showed good antimicrobial efficacy in a stationary and a dynamic model with 
different microorganisms. Boeswald et al.* have described the impregnation of poly- 
urethane and silicone with low concentrations of silver by two different methods. In in 
vitro tests these catheters led to a reduction of colonization with several microorganisms 
and they are now being tested in a clinical trial. 

Liedberg et al. investigated the interaction between silver alloy-coated urinary catheters 
and Pseudomonas aeruginosa. The in vitro biofilm formation was suppressed,*° and in a 
randomized clinical study the incidence of catheter-associated urinary tract infection was 
reduced.*! In a prospective clinical trial involving 482 hospitalized patients, Johnson 
et al.*° used a silver oxide-coated urinary catheter. The incidence of catheter-associated 
urinary tract infection was similar in recipients of a silver-catheter or a control silicone 
catheter. However, the coated catheter reduced catheter-related infections in the subgroup 
of women not receiving other antimicrobials. 

Maki et al. have developed a silver-impregnated cuff attached to the subcutaneous 
segment of central venous catheters. This cuff acts as tissue-interface barrier preventing 
the migration of microorganisms along the catheter from the surface to the intradermal 
part of the catheter. Clinical trials have shown the effectiveness of this commercially 
available device.*4!? Because of the biodegradable nature of the collagen cuff, the 
antimicrobial activity is short-lived. 

Raad et al. used a catheter in which silver ions are electrically generated at the 
subcutaneous segment of a catheter in order to have a long durability in preventing the 
migration of the microorganisms along the catheter. In a rabbit model this iontophoretic 
silver catheter showed its efficacy in preventing colonization with S. aureus.°° 

A newly developed polymer containing silver is the so-called “oligodynamic ionto- 
phoresis-enhanced” material.** The polymer is impregnated with silver, platinum and 
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carbon particles. The silver and platinum particles act as electrodes in a battery-like 
chemistry, releasing a steady flow of silver which provides an effective colonization 
resistance. By controlling the particle size and concentration different silver release 
profiles can be achieved which could be successful in the prevention of catheter-related 
infections. 

One of the first commercially available catheters impregnated with silver was the 
ARROWeEard blue™ (Arrow International, Reading, PA, USA). This central venous 
catheter is coated with a combination of chlorhexidine and silver sulfadiazine. There are 
several clinical studies dealing with this device. In comparison to an uncoated device, 
Maki et al.*> could prove the effectiveness of the chlorhexidine/silver sulfadiazine catheter 
in a randomized, controlled clinical trial with 158 participants. The impregnated materials 
were less likely to be colonized than the control catheter (13.5% vs 24.1%) and blood- 
stream infection also was reduced (1.0% vs 4.6%). In another randomized controlled trial 
in the surgical intensive care unit of a university hospital, 157 uncoated triple-lumen 
catheters and 151 devices coated with chlorhexidine/silver sulfadiazine were 
investigated.'® Impregnated catheters were effective in reducing the rate of bacterial 
growth on either the tip or the intradermal segment as compared with control catheter 
(40% vs 52%, p = 0.04). However, there was no difference in the incidence of catheter 
related bacteremia (3.8% vs 3.3%). There are other studies which could not prove the 
effectiveness of the impregnated catheter to prevent bloodstream infections. Logghe et 
al.** performed a prospective double-blind randomized controlled trial in order to inv 
estigate the effectiveness of the ARROWgard blue™ in patients suffering from 
hematologic malignancy treated by chemotherapy through a central venous catheter. A 
total of 680 catheters were inserted, of which 338 were antiseptic impregnated. There was 
no statistically significant difference between the overall rates of bloodstream infection 
for impregnated and control catheters (14.5% vs 16.3%). The incidence of catheter- 
related infection was also similiar in both groups (5% vs 4.4%). Moreover, there is a case 
of a 28-yr-old male patient reported who developed anaphylactic shock possibly due to 
the contact with the chlorhexidine/silver sulfadiazine impregnated central venous 
catheter.“ The chlorhexidine was confirmed as the causative agent of the anaphylactic 
shock. Nevertheless systems impregnated with chemical substances exhibiting 
animicrobial properties seem to be effective in the prevention of foreign body infections. 


IV. CONCLUSIONS 


The initial step in the pathogenesis of foreign-body infections is the adhesion of micro- 
organisms to the medical device. Several studies showed that modification of polymer 
surfaces leads to a reduction of bacterial adhesion, but a “zero adhesion” could not be 
reached. 

Nevertheless, the adhesion of bacteria to a biomaterial in vivo is also influenced by 
factors not only depending on the nature of the synthetic material. It must be assumed that 
specific interactions occur between bacteria and a polymer surface, e.g., mediated by 
bacterial adhesins.’44> Further, preadsorption of albumin decreases bacterial adhesion 
while fibronectin promotes adherence.°*!9.7°47 Contact-activated platelets*® also increase 
bacterial adhesion. Therefore, polymers which favour the adsorption of albumin or prevent 
platelet adhesion seem to be useful in the prevention of foreign-body infections. 
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Modification of polymers by physicochemical methods should be an effective tool to 
create materials showing altered interactions with proteins or host cells, resulting in a 
further reduction of foreign body infections. This goal has not been reached satisfactorily. 
So far none of the modified polymers have been used in clinical applications with the 
exception of the polyvinylpyrrolidone-coated Hydrocath. 

Incorporation of chemical substances with antimicrobial properties into the catheter 
material results in polymeric drug release systems which primarily reduce or prevent the 
colonization of the polymer surface. Due to the limited action of most of these release 
systems, this approach seems to be particularly useful for short-term or mid-line catheters 
and implants, preventing “early onset infections.” The emergence of resistant micro- 
organisms and the risk of side effects like anaphylactic shock might be a disadvantage of 
these systems; however, in contrast to antibiotics the antimicrobial substances 
incorporated in the discussed systems are normally not used for the therapy of bacterial or 
fungal infections. The investigations mentioned above show that there are promising 
approaches in the development of antiinfective polymer materials, but more detailed 
studies are necessary to evaluate the efficiency of the new polymers in the clinical 
application. 
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I. INTRODUCTION 


Medical devices are indispensable in the modern care of patients. Despite adherence to 
sterile guidelines for the insertion and maintenance of medical devices, infection remains 
the most common serious complication of indwelling medical devices. Infections related 
to medical devices account for nearly half of all nosocomial infections.*> The 
contribution of medical devices to nosocomial infection is particularly prominent with 
certain devices, such as vascular and urinary catheters. For instance, vascular catheters 
account for most cases of nosocomial bloodstream infections,2* and catheter-related 
urinary tract infection is the most common nosocomial infection in health care 
institutions.*° In addition to causing serious medical complications, infection of medical 
devices is very expensive to manage. For instance, the extra cost of treating one episode 
of catheter-related bloodsteam infection in a critically ill patient was estimated to be 
$28,690 per survivor, and each such episode resulted in an additional average stay of 
6.5 d in the intensive care unit.?° 

The major medical and economic burdens emanating from infectious complications of 
medical devices have propelled the development of novel antimicrobial devices in an 
effort to reduce the risk of device-related infection. Although numerous antimicrobial 
devices have been suggested to guard against device-related infection, only few have 
been reported to be protective in vivo. Since the majority of cases of device-related 
infection emanate from the use of vascular and urinary catheters, most technologies that 
incorporate antimicrobial agents onto the medical device have focused on the prevention 
of infection of these two types of catheters. In this chapter, we will discuss only the 
antimicrobial vascular and urinary catheters that had been shown in animal and/or clinical 
studies to protect against catheter-related infection (Table 1). 


II. ANTIMICROBIAL CENTRAL VENOUS CATHETERS 


We have witnessed over the last decade a new era in the prevention of infections 
associated with vascular catheters. This era of heightened interest in developing novel 
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Table 1. Antimicrobial Catheters with Reported Efficacy In Vivo 


Central venous catheters Bladder catheters 
Dipping surfactant-treated catheters in antibiotics Catheters coated with silver 
Catheters coated with chloerhexidine Catheters coated with nitrofurazone 


Catheters coated with minocycline and rifampin 
Catheters coated with silver 


antimicrobial catheters was accurately predicted by Maki and colleagues who reported in 
1988 that “binding of a nontoxic antiseptic or antimicrobial to the entire catheter surface, 
or incorporation of such substance into the catheter material itself, may ultimately prove 
to be the most effective technologic innovation for reducing the risk of device-related 
infections.”!® Sherertz and colleagues established a solid foundation for our current 
understanding of the antiinfective mechanism of antimicrobial-coated vascular catheters 
by demonstrating a correlation between in vitro and in vivo findings.*!*? Using a 
modified Kirby—Bauer technique, they initially examined in vitro the zones of inhibition 
by catheters coated with a variety of antimicrobial agents, including chlorhexidine, 
dicloxacillin, clindamycin, and fusidic acid. Later, they demonstrated the quantitative 
relationship between the size of the zone of inhibition in vitro and the concentration of 
bacteria cultured from the subcutaneous segments of the antimicrobial-coated catheters 
in a rabbit model of Staphylococcus aureus infection of percutaneously inserted 
catheters.*! They concluded that antimicrobial-coated catheters with zones of inhibition 
>10-15 mm were likely to be efficacious in preventing colonization of indwelling 
catheters in the rabbit model. 


A. Dipping Surfactant-Treated Vascular Catheters in Antibiotic Solutions 


This approach of noncovalent bonding of negatively charged antibiotics to cationic 
surfactants (such as benzalkonium chloride) on the surface of the device was initially 
designed by Harvey and colleagues to render vascular grafts anti-infective.? The same 
principle was applied later to bind negatively charged antibiotics to a cationic surfactant 
(tridodecyl methyl ammonium chloride: TDMAC) on the surface of treated vascular 
catheters.*” The clinical efficacy of this antimicrobial coating approach was initially 
evaluated in a prospective, randomized clinical trial that entailed immersing TDMAC- 
treated central venous catheter (CVC) in a solution of cefazolin just prior to catheter 
insertion.!> Although cefazolin-immersed catheters were about 7-fold less likely to be 
colonized than untreated catheters, the efficacy of this approach in protecting against 
catheter-related bloodstream infection could not be directly assessed in that clinical trial 
because there were no cases of bloodstream infection in either group of patients. 

Using the same principle, bedside dipping of TDMAC-treated CVC in a solution of 
vancomycin was reportedly associated with about 25% reduction in the rate of catheter 
colonization, as compared with untreated catheters.*° As with cefazolin-treated catheters, 
the ability of vancomycin-treated catheters to prevent catheter-related bloodstream 
infection was not clinically assessed. Furthermore, vancomycin-treated catheters were 
more likely than untreated catheters to be colonized with Gram-negative bacteria and 
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Candida organisms. A somewhat similar approach was used to bind another glycopeptide 
antibiotic, namely teicoplanin, to polyvinylpyrrolidone on the surface of a hydrophilic 
catheter (Hydrocath) which was shown to prevent percutaneous staphylococcal infection 
in a mouse model.*” In addition to the potential for fungal superinfection made posible by 
dipping catheters in a solution of antibiotic that lacks any antifungal activity, this bedside 
approach is time consuming, rather impractical and provides only short-lived anti- 
microbial activity (up to few days). This explains the much larger interest in developing 
catheters that are precoated with appropriate antimicrobial agent(s). 


B. Vascular Catheters Coated with Chlorhexidine 


Polyurethane central venous catheters coated with a low concentration of chlorhexidine 
then sterilized by gamma irradiation provided only small (<10 mm) zones of inhibition in 
vitro.*4 Not unexpectedly, such chlorhexidine-coated catheters failed to demonstrate anti- 
infective efficacy in an animal study using the established rabbit model and in a 
prospective, randomized, multicenter clinical trial.*4 The results of the rabbit study 
suggested that higher concentrations of chlorhexidine on the surface of CVC could be 
associated with better efficacy.*4 

Although coating of catheters with chlorhexidine alone was found to be ineffective,*4 
central venous catheters coated with the combination of chlorhexidine and silver 
sulfadiazine was shown in in vitro and animal studies to reduce bacterial adherence.® The 
largest prospective, randomized, multicenter study of short-term (mean duration of 
placement of about one week) CVC coated with the combination of chlorhexidine and 
silver sulfadiazine demonstrated that these coated catheters are two-fold less likely to 
become colonized and at least fourfold less likely to cause bloodstream infection, as 
compared with uncoated.!° Although several smaller clinical trials showed only a 
nonsignificant trend toward lower rates of catheter-related bloodstream infection among 
catheters coated with chlorhexidine and silver sulfadiazine, none had sufficient power to 
examine differences in the rates of catheter-related bloodstream infection.”!!? It is 
important to note that although the combination of chlorhexidine and silver sulfadiazine 
may be synergistic in vitro, the advantage of adding silver sulfadiazine to chlorhexidine 
has not been demonstrated in vivo. In fact, catheters coated with silver sulfadiazine were 
ineffective in reducing catheter-related infection in the rabbit model when compared with 
uncoated catheters.*? 


C. Vascular Catheters Coated with Minocycline and Rifampin 


Unlike other antibiotics, such as the glycopeptides and cephalosporins which are 
considered as drugs of choice for treating established systemic infections, the two 
antibiotics minocycline and rifampin are rarely used therapeutically as such and, 
therefore, are appropriate for prophylactic use on coated catheters.t The approach of 
coating central venous catheters with this novel combination of minocycline and rifampin 
has been very successful. In vitro studies demonstrated that catheters coated with 
minocycline and rifampin provide a broad-spectrum inhibitory activity against 
Gram-positive bacteria, Gram-negative bacteria and C. albicans.” Using the established 
rabbit model of subcutaneous infection by S. aureus,** catheters coated with minocycline 
and rifampin were shown to protect against infection, as compared with uncoated 
catheters.’ A prospective, randomized, multicenter clinical trial showed that short-term 
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CVC coated with minocycline and rifampin are threefold less likely to be colonized than 
uncoated catheters and prevent the occurrence of catheter-related bloodstream.”® 

When examined both in vitro and in animals, catheters coated with minocycline and 
rifampin exhibited superior antimicrobial activity, as compared with catheters coated with 
chlorhexidine and silver sulfadiazine.*>”° Rifampin is more active than other antibiotics 
against the slowly growing bacteria within the biofilm surrounding the device.*? 
Furthermore, catheters coated with minocycline and rifampin provide antimicrobial 
activity along both the external (to protect against migration of skin organisms) and 
internal catheter surfaces (to protect against migration of bacteria causing contamination 
of catheter hub), whereas the antimicrobial activity of catheters coated with chlorhexidine 
and silver sulfadiazine is limited to only the external surface of the catheter. These 
differences and others may help explain the results of a recently completed large, 
prospective, randomized, multicenter clinical trial which demonstrated that short-term 
CVC coated with minocycline and rifampin are threefold less likely to be colonized and 
12-fold less likely to cause catheter-related bloodstream infection than catheters coated 
with chlorhexidine and silver sulfadiazine. Not unexpectedly,? clinical trials have dem- 
onstrated no evidence for developing antibiotic resistance among bacteria recovered from 
patients who had received catheters coated with minocycline and rifampin.>® 


D. Vascular Catheters Coated with Silver 


Silver can be applied either to the subcutaneous cuff of the tunneled CVC or to the 
surface of the catheter. The use of the silver-impregnated subcutaneous cuff is intended to 
provide both an antimicrobial deterrent (due to the silver) and a mechanical barrier 
(due to the subcutaneously placed collagen cuff) to the migration of bacteria along the 
external surface of the catheter. Although the use of the silver-impregnated subcutaneous 
cuff was reported in two prospective, randomized clinical trials®!* to reduce the incidence 
of infection among critically ill patients with indwelling short-term CVC (duration of 
placement = 5.6—9.1 d), a recent prospective but nonrandomized study failed to demon- 
strate a beneficial effect.!? Owing to the biodegradable nature of the collagen cuff to 
which the silver ions are chelated, the antimicrobial activity of the silver-impregnated 
subcutaneous cuff is short-lived. Moreover, the use of the silver-impregnated 
subcutaneous cuff offers no protection against contamination of the catheter hub, a 
major source of organisms causing infection of long-term CVC. These factors help explain 
why the use of the silver-impregnated subcutaneous cuff failed to protect against infection 
of CVC with longer duration of placement (mean = 20 d)? or the long-term, tunneled 
Hickman (Bard Access Systems, Salt Lake City, Utah) catheters.’ 

Silver-containing catheters may also be constructed by depositing silver ions on the 
external surface of the catheter. The results of in vitro evaluation and a nonrandomized 
clinical study suggested that such silver-coated catheters are less prone to bacterial 
colonization.' However, the clinical efficacy of silver-coated CVC was not confirmed in 
prospective randomized studies. In fact, a recent prospective, randomized clinical trial 
demonstrated a nonsignificant trend for higher rates of catheter-related infection when 
using silver-coated tunneled hemodialysis catheters vs uncoated catheters.** Because of 
the strong adhesion of silver molecules to the surface of such coated catheters, the silver 
ions are not appreciably released from the surface of the catheter to produce zones of 
inhibition and, therefore, are unlikely to provide antimicrobial activity against bacteria 
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embedded in the biofilm. The production of an effective zone of inhibition by 
antimicrobial-coated catheters serves to inhibit adherence of organisms not only to the 
surface of the catheter but to the biofilm layer around the indwelling catheter which 
contains a variety of host-derived adhesins, such as fibronectin, fibrinogen, fibrin, etc. 2 
Unlike catheters coated with silver alone, the silver iontophoretic catheter which allows 
leaching of silver ions from the surface of the catheter produces zones of inhibition against 
most potential pathogens.”’ In the rabbit model, the silver iontophoretic catheter was 
shown to be significantly more protective against infection than catheters coated with 
chlorhexidine and silver sulfadiazine.”’ 


Ill. ANTIMICROBIAL BLADDER CATHETERS 
A. Bladder Catheters Coated with Silver 


As with silver-coated vascular catheters, the antiinfective efficacy of bladder catheters 
coated with silver alone remains controversial. Earlier small-sized clinical trials had 
indicated that silver-coated bladder catheters significantly reduce the rate of 
catheter-associated bacteriuria when compared with uncoated catheters.!°!7 However, 
more recent, larger-sized clinical trials demonstrated similar overall rates of 
catheter-associated bacteriuria in patients who received silver-coated bladder catheters 
vs. uncoated catheters.!3:7° Since these silver-coated bladder catheters do not produce 
zones of inhibition, they may not provide antimicrobial activity against bacteria present in 
the aqueous micromilieu adjacent to the surface of the indwelling catheter. 

Because the hydrophobic nature of bacteria and the surfaces of most catheters enhance 
the adsorption of bacteria onto the catheter surface, it is generally thought that rendering 
the catheter surface hydrophilic may decrease bacterial colonization of the catheter. In 
that regard, a preliminary report from a prospective, randomized, double-blind study 
indicated that a novel silver hydrogel-coated bladder catheter with a mean duration of 
catheterization of 6.5 d reduces the rate of catheter-associated bacteriuria by 30%, as 
compared with uncoated catheters.”! This reduction in the overall rate of catheter- 
associated bacteriuria was primarily due to protection against Gram-positive bacteria and, 
to a lesser extent, against yeast. However, there was a nonsignificant trend for higher rates 
of Gram-negative bacteriuria in patients who received the silver-hydrogel-coated bladder 
catheter. 


B. Bladder Catheters Coated with Nitrofurazone 


Coating of bladder catheters with nitrofurazone, a nitrofuran derivative chemically 
related to nitrofurantoin, results in some zones of inhibition in vitro against a variety of 
potential urinary pathogens.'* However, nitrofurazone-coated bladder catheters produce 
no zones of inhibition against organisms such as Pseudomonas, Serratia, Proteus, and 
Candida species. A preliminary report of a recently completed prospective, randomized 
clinical trial indicated that the use of nitrofurazone-coated bladder catheters in newly 
catheterized patients who received a catheter within 7 d of admission to the hospital was 
associated with a fivefold decrease in the rate of bacterial catheter-associated urinary tract 
infection, as compared with uncoated catheters.2° However, the decrease in the 
overall rate of catheter-related urinary tract infection was statistically insignificant. 
Moreover, the efficacy of the nitrofurazone-coated catheter was demonstrated neither in 
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patients beyond 7 d nor in long-term hospitalized patients who are likely to be 
colonized by multiresistant bacteria and yeast. 


IV. CONCLUSIONS AND FUTURE WORK 


Although several antimicrobial catheters have been proposed to reduce the rate of 
catheter-related infection, only few have been proven to be protective in vivo. At present, 
short-term, polyurethane central venous catheters coated with minocycline and rifampin 
along both the external and internal surfaces appear to be the most clinically protective 
catheters against catheter colonization and catheter-related bloodstream infection. In 
contrast to the remarkable progress made in the prevention of vascular catheter-related 
infection, the clinical results obtained with various antimicrobial bladder catheters have 
not been very promising, particularly in those who require bladder catheterization for 
more than 1 wk. 

So far, most antimicrobial coating measures have focused on short-term vascular and 
urinary catheters. There is a pressing need to explore the clinical efficacy of 
antimicrobial-coated long-term silicone vascular catheters. The development of an anti- 
infective long-term central venous catheter may obviate the need for the expensive and 
time-consuming practice of subcutaneous tunneling of vascular catheters. As with 
vascular catheters, the ultimate goal for bladder catheters would be to develop an 
antimicrobial catheter that can protect against infection in patients who require long-term 
catheterization, such as spinal cord-injured patients, nursing home residents and elderly 
persons. 


REFERENCES 


1. Bambauer P, Mestres P, Schiel R, et al: New surface-treatment technologies for catheters 
used for extracorporeal detoxification methods. Dialysis Transplantation 24:228—37, 1995 

2. Ciresi D, Albrecht RM, Volkers PA, et al: Failure of an antiseptic bonding to prevent central 
venous catheter-related infection and sepsis. Am Surgeon 62:641-6, 1996 

3. Clementi E, Mario O, Arlet, G, et al: Usefulness of an attachable silver-impregnated cuff for 
the prevention of catheter-related sepsis (CRS). Abstract #460. Program and Abstracts of the 
31st Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, IL,1990 

4. Darouiche RO, Raad II, Bodey GP, et al: Antibiotic susceptibility of staphylococcal isolates 
from patients with vascular catheter-related bacteremia: potential role of the combination of 
minocycline and rifampin. Int J Antimicrob Agents 6:31-6, 1995 

5. Darouiche RO, Raad II, Heard SO, et al: A comparison of two antimicrobial-impregnated 
central venous catheters. N Engl J Med 340:1-8, 1999 

6. Flowers RH III, Schwenzer KJ , Kopel RF, et al: Efficacy of an attachable subcutaneous cuff 
for the prevention of intravascular catheter-related infection. JAMA 261:878-83, 1989 

7. Groeger JS, Lucas AB, Coit D, et al: A prospective randomized evaluation of silver- 
impregnated subcutaneous cuffs for preventing tunneled chronic venous access catheter 
infections in cancer patients. Ann Surg 218:206-10, 1993 

8. Greenfield JI, Sampath L, Popilskis SJ, et al: Decreased bacterial adherence and biofilm 
formation on chlorhexidine and silver sulfadiazine-impregnated central venous catheters 
implanted in swine. Crit Care Med 23:894—900, 1995 

9. Harvey RA, Greco RS: The noncovalent bonding of antibiotics to a polytetrafluoroethylene- 
benzalkonium graft. Ann Surg 194:642-7, 1981 


Antimicrobial Agent Incorporation 597 


10. 


11. 


12. 


13; 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


Hasaniya NW, Angelis M, Brown MR, et al: Efficacy of subcutaneous silver-impregnated 
cuffs in preventing central venous catheter infections. Chest 109:1030-—2, 1996 

Heard SO, Wagle M, Vijayakumar E, et al: The influence of triple-lumen central venous 
catheters coated with chlorhexidine/silver sulfadiazine on the incidence of catheter-related 
bacteremia: a randomized, controlled clinical trial. Arch Intern Med 158:81-7, 1998 
Hermann M, Vaudaux PE, Pittet D, et al: Fibronectin, fibrinogen, and laminin act as 
mediators of adherence of clinical staphylococcal isolates to foreign material. J Infect Dis 
158:693-710, 1988 

Johnson JR, Roberts PL, Olson RJ, et al: Prevention of catheter-associated urinary tract 
infection with silver oxide-coated urinary catheter: clinical and microbiologic correlates. 
J Infect Dis 162:1145-50, 1990 

Johnson JR, Berggren T, Conway AJ: Activity of a nitrofurazone matrix urinary catheter 
against catheter-associated uropathogens. Antimicrob Agents Chemother 37:2033-6, 1993 
Kamal GD, Pfaller MA, Rempe LE, et al: Reduced intravascular catheter infection by 
antibiotic bonding. JAMA 265:2364-8, 1991 

Liedberg H, Lundberg T, Ekman P: Refinement in the coating of urethral catheters reduces 
the incidence of catheter-associated bacteriuria: an experimental and clinical study. Eur Urol 
17:236-40, 1990 

Liedberg H, Lundeberg T: Silver alloy coated catheters reduce catheter-associated 
bacteriuria. Brit J Urol 65:379-81, 1990 

Maki DG, Cobb L, Garman JK, et al: An attachable silver-impregnated cuff for prevention of 
infection with central venous catheters: a prospective randomized multicenter trial. Am J Med 
85:307-14, 1988 

Maki DG, Stolz SM, Wheeler S, et al: Prevention of central venous catheter-related 
bloodstream infection by use of an antiseptic-impregnated catheter: a randomized, controlled 
study. Ann Intern Med 127:257-66, 1997 

Maki DG, Knasinski V, Tambyah PA: A prospective investigator-blinded trial of a novel 
nitrofurazone-impregnated indwelling urinary catheter. Abstract #M49. The 7th Annual 
Meeting of the Society for Healthcare Epidemiology of America, St. Louis, MO, 1997 

Maki DG, Knasinski V, Halverson K, et al: A novel silver-hydrogel-impregnated indwelling 
urinary catheter reduces CAUTIs: a prospective double-blind trial. Abstract #10. The 8th 
Annual Meeting of the Society for Healthcare Epidemiology of America, Orlando, FL, 1998 
Pemberton LB, Ross V, Cuddy P, et al: No difference in catheter sepsis between standard and 
antiseptic central venous catheters: A prospective randomized trial. Arch Surg 
131:986-9, 1996 

Pittet D, Tarara D, Wenzel RP: Nosocomial bloodstream infection in critically ill patients: 
excess length of stay, extra costs, and attributable mortality. JAMA 271:1598-1601, 1994 
Raad II, Bodey GP: Infectious complications of indwelling vascular catheters. Clin Infect Dis 
15:197-210, 1992 

Raad I, Darouiche R, Hachem R, et al: Antibiotics and prevention of microbial colonization 
of catheters. Antimicrob Agents Chemother 39:2397—400, 1995 

Raad I, Darouiche R, Hachem R, et al: The broad spectrum activity and efficacy of catheters 
coated with minocycline and rifampin. J Infect Dis 173:418-24, 1996 

Raad I, Hachem R, Zermeno A, et al: Silver iontophoretic catheter: A prototype of a long- 
term anti-infective vascular access device. J Infect Dis 173:495-8, 1996 

Raad I, Darouiche R, Dupuis J, et al: Central venous catheters coated with minocycline and 
rifampin for the prevention of catheter-related colonization and bloodstream infections: a 
randomized, double-blind trial. Ann Intern Med 127:267—74, 1997 

Riley DK, Classen DC, Stevens LE, et al: A large randomized clinical trial of a silver 
impregnated urinary catheter: lack of efficacy and staphylococcal superinfection. Am J Med 
98:349-56, 1995 


598 Darouiche and Raad 


30. Romano E, Berti M, Goldstein BP, et al: Efficacy of a central venous catheter (Hydrocath) 
loaded with teicoplanin in preventing subcutaneous staphylococcal infections in mouse. Zbl 
Bakt 279:426-3, 1993 

31. Sherertz RJ, Carruth A, Hampton AA, et al: Efficacy of antibiotic-coated catheters in 
preventing subcutanous Staphylococcus aureus infection in rabbits. J Infect Dis 
167:98-106, 1993 

32. Sherertz RJ, Forman DM, Solomon DD: Efficacy of dicloxacillin-coated polyurethane 
catheters in preventing subcutaneous Staphylococcus aureus infection in mice. Antimicrob 
Agents Chemother 33:1174-8, 1989 

33. Sherertz R, Hu Q, Clarkson L, et al: The chlorhexidine (CH) on Arrow catheters (C) may be 
more important than AG sulfadiazine (AGSD) at preventing C-related infection. Abstract 
#1622. Program and Abstracts of the 33rd Interscience Conference on Antimicrobial Agents 
and Chemotherapy, New Orleans, LA, 1993 

34. Sherertz RJ, Heard SO, Raad II, et al: Gamma radiation-sterilized, triple-lumen catheters with 
a low concentration of chlorhexidine were not efficacious at preventing catheter infections in 
intensive care unit patients. Antimicrob Agents Chemother 40:1995-7, 1996 

35. Stamm WE: II. Prevention of infections. Infections related to medical devices. Ann Intern 
Med 89:764-9, 1978 

36. Thornton J, Todd NJ, Webster NR: Central venous line sepsis in the intensive care unit. A 
study comparing antibiotic coated catheters with plain catheters. Anesthesia 51:1018—20, 1996 

37. Trooskin SZ, Donetz AP, Harvey RA, et al: Prevention of catheter sepsis by antibiotic 
bonding. Surgery 97:547-51, 1985 

38. Trerotola SO, Johnson MS, Shah H, et al: Tunneled hemodialysis catheters. Use of a 
silver-coated catheter for prevention of infection — a randomized study. Radiology 
207:49 1-6, 1998 

39. Widmer AF, Frei R, Zimmerli W: Correlation between in vivo and in vitro efficacy of 
antimicrobial agents against foreign body infections. J Infect Dis 162:96—102, 1990 


38 


Studying Bacterial Adhesion 
to Antibiotic Impregnated Polymethylmethacrylate 


Charles E. Edmiston, Jr.' and Michael P. Goheen? 


‘Surgical Microbiology Research Laboratory, Department of Surgery, 
Medical College of Wisconsin, Milwaukee, WI USA, 
?Department of Pathology, Indiana University School of Medicine, Indianapolis, IN, USA 


I. INTRODUCTION 


A. Bacterial Adherence to Bioinert and Bioactive Materials 


When infection of an implantable orthopedic device occurs, its impact is often 
catastrophic, often necessitating additional operative procedures and associated with 
significant patient morbidity. The Gram-positive staphylococci are the most frequent 
isolates recovered from orthopedic device-related infections. Several investigators have 
documented that both Staphylococcus aureus and Staphylococcus epidermidis will 
adhere to a myriad of bioinert and bioactive materials. In some studies, S. aureus has been 
shown to adhere tenaciously to metal surfaces such as steel and titanium.”?! However, 
other studies have shown that S. epidermidis demonstrates a preferential adherence 
depending upon the type of material and charge characteristics of the orthopedic 
substrate.!© Metals such as titanium tend to exhibit a negative surface charge, similar to 
the bacterial cell and therefore, fewer cells adhere to this surface than to a bioactive 
substrate such as hydroxyapatite. Hydroxyapatite has a surface that contains positive 
charges originating from free calcium and phosphate compounds. Hydroxyapatite, 
therefore, tends to exhibits greater staphylococcal adherence compared to negatively 
charged metals. Metal surfaces that are oxidized will alsdo exhibit variable binding 
characteristics that may influence microbial adherence.’ While surface charge character- 
istics can influence microbial adherence to a biomedical device, other factors promote 
microbial persistence and involve the elaboration of a bacterial exopolysaccharide 
substance (biofilm). Staphylococcal strains that produce a biofilm are sheltered from the 
host cellular and humoral immune defense mechanisms, in addition these strains also 
exhibit a recalcitrance to conventional antimicrobial therapy.+7-”° 


B. Inhibiting Microbial Adherence 


Efforts to prevent microbial adherence to the surface of biomedical devices have been 
an area of active if not controversial research. Previous studies have demonstrated that 
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metals such as titanium (bioinert) support fewer adherent staphylococcal cells than 
bioactive substances such as hydroxyapatite. However, the use of bioactive materials in 
implant surgery is highly desirable since they enhance biocompatibility of the device, 
reducing host efforts to biodegrade (acute phase process) or sequester (fibrous 
encapsulation) the implant from the adjacent tissues. Coating a bioinert substrate such as 
titanium (net [-] charges) with hydroxyapatite (net [+] charge) enhances tissue 
biocompatibility while discouraging microbial adherence. Titanium surfaces coated with 
hydroxyapatite demonstrate an adherence index (1.4) that is similar to titanium alone 
(1.0) but significantly less than hydroxyapatite (29.0).'° Alternatively, coating an 
implantable material with host tissue proteins often demonstrates a variable impact on 
microbial adherence. When titanium is coated with crosslinked (carbodiimide) albumin 
there was a significant reduction (85%) in the adherence of S. epidermidis over a 20 d 
test period.” However, coating vascular prostheses (Dacron) with albumin does not result 
in uniform inhibition of staphylococcal adherence.!? Albumin inhibition of staphylo- 
coccal adherence appears to be influenced by strain selection and composition of the 
coated biomaterial. 

Over the past 30 yr a large body of literature has accumulated on the use of 
antibiotic impregnated materials in orthopedic surgery. The first reported use of 
antibiotic incorporation into orthopaedic bone cement occurred in Europe in 1970 and 
was used to prevent deep organ space infection after total hip or knee arthroplasty.’ 
Presently, this technique is also used to treat chronic osteomyelitis and other bone and 
deep tissue infections.!?'7 Over the past 20 yr, the use of antibiotic-impregnated 
polymethylmethacrylate (PMMA) has gained wide acceptance among orthopaedic 
surgeons in the United States with the aminoglycosides and various cephalosporins being 
some of the most commonly used agents.” 


C. Studies Using Polymethylmethacrylate (PMMA) 


Polymethylmethacrylate (PMMA) is an adhesive material that is available in various 
commercial preparations. To incorporate antimicrobials into this material, the drug 
powder (parenteral formulation) is added to the powdered cement and thoroughly mixed 
before the addition of liquid methylmethacrylate. Since this procedure generates 
significant heat (100°C) the antibiotic must be stable during the polymerization process 
or anti-infective activity will be lost. Previous studies have shown that if prepared 
properly the addition of antibiotic to bone cement has no effect on color, polymerization 
time, or tensile strength.!> Furthermore, several studies have demonstrated that a wide 
variety of antimicrobial agents can be effectively incorporated into PMMA, eluting from 
the surface of the bone cement at concentrations exceeding the minimal inhibitory 
concentration (MIC) of most anticipated pathogens. 

The elution of various antibiotics has been measure under both in vitro and in vivo 
(animal model) conditions. The elution of antibiotic from bone cement is dependent upon 
solvent conditions, pH and stability of the drug following polymerization. In the tissues, 
drug concentrations above the MIC have been demonstrated for cefazolin, ciprofloxacin, 
clindamycin, tobramycin and vancomycin.' The following discussion focuses on an in 
vitro model for studying antibiotic impregnated PMMA as a strategy to prevent microbial 
adherence. 
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I. MATERIAL AND METHODS 
A. Microbial Populations and Handling 


While the staphylococci are the predominant microbial pathogens in orthopedic 
device-related infections, Gram-negative bacteria such as E. coli may also be associated 
with implant-associated infections. Studies conducted in our laboratory have used 
Staphylococcus epidermidis RP62A a copious slime producer, Staphylococcus 
epidermidis LDE2, Staphylococcus epidermidis MCW8A (both clinical laboratory strains: 
weakly slime-positive and slime-negative, respectively, by alcian blue staining), and 
Escherichia coli (ATCC 25922) a laboratory reference strain. If the focus of the study 
involves using an exopolysaccharide (slime) producing strain then efforts must be made 
to validate the slime producing capabilities of the desired test isolate. Alcian blue staining 
is a quick and dependable method for ascertaining slime production in clinical isolates. 
Reference strains recovered from cold storage (-70°C) must be thawed, plated to 
Trypticase Soy Agar with 5% sheep’s blood and incubated for 24 h at 35°C to check for 
viability and purity. 


B. Drug Susceptibility and Preparation of Bone Cement 


The minimal inhibitory concentration (MIC) and minimal bactericidal concentration 
(MBC) for all test isolates must first be determined by standard methods (NCCLS, 1988). 
In the present model, five antibiotics were selected for testing in PMMA: cefazolin 
(Sigma-Aldrich, St. Louis, MO), ciprofloxacin (Bayer, West Haven, CT), clindamycin 
(Upjohn, Kalamazoo, MI), tobramycin (Sigma-Aldrich, St. Louis, MO) and vancomycin 
(Sigma-Aldrich, St. Louis, MO). The antibiotic powder was thoroughly mixed with low 
viscosity methylmethacrylate powder (Howmedica, Houston, TX) in the following 
concentration: 4 g/40 g powder — cefazolin; 4 g/40 g powder — ciprofloxacin; 5 g/40 g 
powder — clindamycin; 8 g/40 g powder — tobramycin; and 4 g/40 g powder — vancomycin. 
Liquid copolymer PMMA was slowly added to the antibiotic-cement mixture and the 
suspension distributed to silastic molds to produce a test surface, 5 mm?. The antibiotic 
impregnated blocks are allowed to cure for 4 h, individually packaged and sterilized in an 
autoclave to remove any potential surface contamination. Steam sterilization for 30 min 
does not appear to significantly reduce the inhibitory activity of the test anti-infectives. 
Following sterilization, the antibiotic-impregnated blocks can be stored aseptically 
at -70°C until needed. 


C. In Vitro Assay of Antimicrobial-Impregnated Bone Cement 


It is desirable to validate the antimicrobial activity of the antibiotic impregnated blocks 
prior to forming the adherence assay. The polymerization process is associated with heat 
generation (100°C) and the in vitro assay of antimicrobial activity assures that active 
agent is present in the PMMA blocks. One block each of the antibiotic-impregnated 
cement is placed in 1 mL of physiological buffered saline (PBS) and incubated at 35°C. 
After 24 h, the original PBS is decanted and following two buffered washings, 1 mL of 
fresh PBS is added to the tube and placed back in the incubator. A total of 3 PBS changes 
are made over a 4-d test interval. At 2, 8, 24, 48, and 96 h (4 d), an aliquot of the PBS 
(200 uL) is saved for analysis. Antimicrobial quantitation is determined by biological 
assay.! Five samples are tested at each time interval to determine mean elution 
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Table 1. Minimal Inhibitory Concentration (MIC) and Minimal 
Bacteriocidal Concentration (MBC) of Selected Anti-Infectives 
Against Staphylococcal and Gram-Negative Test Strains 


Strains Antibiotic MIC MBC 

S. epidermidis RP62A Cefazolin 2.0 16 
Ciprofloxacin 0.5 1 
Clindamycin 0.25 0.5 
Tobramycin 1 4 
Vancomycin 2 16 

S. epidermidis LDE2 Cefazolin 0.5 2 
Ciprofloxacin 0.25 0.5 
Clindamycin 0.5 1 
Tobramycin 1 8 
Vancomycin 1 4 

S. epidermidis MCW8A Cefazolin 0.25 1 
Ciprofloxacin 0.12 0.25 
Clindamycin 0.5 2 
Tobrmycin 0.5 2 
Vancomycin 1 4 

E. coli ATCC 25922 Ciprofloxacin 0.12 0.12 
Tobramycin 0.06 0.12 


concentrations. In addition, control samples obtained from antibiotic free cement are 
incubated in PBS and run with all test samples to validate that PMMA is free of inhibitory 
activity. 


D. Bacterial Adherence to PMMA Blocks 


The microbial test strains are incubated in Trypticase Soy Broth for 18 h at 35°C, 
washed twice in PBS and resuspended in PBS containing 1.0% dextrose. The final test 
inoculum is adjusted to 7.0 log,y colony forming units/mL spectrophotometrically and 
2 mL of this inoculum added to a series of tubes containing the antibiotic impregnated 
blocks. The blocks are incubated for 2 h followed by aspiration of the test inoculum. The 
blocks are gently washed (2 times) in the tubes and 2 mL of fresh PBS with 1.0% dextrose 
added. At 2, 8, 24, 48, and 96 h three blocks each are removed, sonicated (20 kHz) for 
10 min and the sonicate serially diluted in PBS prior to plating on TSA.° Quantitative 
recovery is determined after 48 h incubation at 35°C and final counts reported as logy 
cfu/mm? bone cement. Antibiotic free control blocks are prepared as per impregnated 
blocks and tested for comparison of microbial recovery. 


E. SEM and TEM 


At selected time intervals, blocks are removed and prefixed in 2.5% glutaraldehyde 
with 0.1 M sodium cacodylate buffer. An alternatively prefixation involves using 75 mM 
lysine, 0.075% ruthenium red, 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer to 
enhance visualization of the exopolysaccharide (slime) layer of selected staphylococcal 
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Table 2. In Vitro Analysis of Cefazolin, Ciprofloxacin, Clindamycin, 
Tobramycin and Vancomycin Mean Antimicrobial Activity 
from Polymethylmethacrylate-Impregnated Blocks 


Concentration + S.D. (Uug/mL)* 





Antibiotic 2h 8h 24h 48h 96h 
Cefazolin 67.5 + 19.2 95.5- £ 17.2 119.2+21.1 64.6+6.5 18.6 +5.5 
Ciprofloxacin 44.8 + 8.1 87.44 11.1 TLIO TS 37.4+11.9 15.6+7.1 
Clindamycin 34.5 47.5 89.8 + 9.7 140.6 +25.7 81.34 13.5 42.1 + 10.1 
Tobramycin 81:8 +11.1 112.6+16.8 175.8430.9 110.5 417.3 69.9 + 8.8 
Vancomycin 56.9 + 14.6 99.3 + 10.4 197.9+27.6 100.1 +9.9 27.6 £5.5 








“Five 0.1 mL samples were analyzed at each time interval. 


isolates.’ Specimens for TEM are post-fixed in OsO, for 4 h followed by several buffer 
washes (three times), dehydrated through a graded alcohol series, infiltrated overnight 
with Spurrs/Polybed resin under vacuum, sectioned, stained with uranyl acetate and lead 
citrate followed by TEM observation. Specimens for scanning electron microscopy are 
processed using the osmium thiocarbohydrazide osmium (OTO) technique.'* Total OTO 
fixation time is approximately 6 h (4.5 h 1% OsOmy; 15 min 1% thiocarbohydrazide at 
45°C; 45 min final O,Om,) with 10 buffer rinses between each of the three steps. 
Following dehydration the PMMA blocks are critical point dried in CO,, mounted on 
stubs with silver paint and examined by SEM. 


HI. OBSERVATIONS AND DISCUSSION 


A. Microbial Adherence to Antibiotic-Impregnated PMMA 


Table 1 demonstrated the MIC and MBC values for four test microbial strains. The 
values reported for all five agents reflect concentrations, which are clinically achievable 
in the host. Table 2 demonstrates the in vitro diffusion from antibiotic-impregnated 
polymethylmethacrylate blocks. The eluted concentrations of all 5 antibiotics at 24 h 
represented levels that are 4 to 20 times the therapeutic level routinely achieved clinically 
following delivery of the maximal parenteral dose in man. The values reported at 
96-h represent concentrations higher than the minimal bactericidal concentration 
reported for the 4 test strains in Table 3. The antibiotic concentrations eluted for 
ciprofloxacin and tobramycin at 96 h represent a value 50 to 100 times the MBC for 
E. coli. Table 3 documents the mean microbial recovery from antibiotic impregnated 
PMMA following 2-h incubation in a standardized inoculum of the test strains. 
Microbial recovery from control (antibiotic free PMMA) at 8 h ranged from 3.7 to 
4.5 logio CFU/mm~. No significant decrease in mean microbial recovery was observed with 
antibiotic-impregnated PMMA colonized with Staphylococcus epidermidis RP62A, a 
well-documented slime producing strain. Mean microbial recovery at 96 h was similar to 
8 and 96 h control values. However, antibiotic-impregnated blocks colonized with LDE2 
demonstrate a lower mean microbial recovery at 96 h compared to RP62A. At 96 h, 
surface colonization was significantly (p < 0.05) reduced on ciprofloxacin, clindamycin 
and tobramycin-impregnated PMMA blocks compared to control (antibiotic free PMMA). 
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Table 3. Mean Microbial Recovery 
from Antibiotic-Impregnated Polymethylmethacrylate (PMMA)* 


Recovery + S.D. (logio cfu/mm7) 





Organism Drug? 8h 24h 48h 94h 


S. epidermidis RP62A° Cef 3.241.2 4.2+1.6 3.8 42.1 3.54 1.0 
Cip 2.4 +0.9 ZEEL] 2.91.9 2.60.8 
Cld 4.14 1.5 3.8 £0.8 3.3 +1.9 3.04 1.2 
Tob 3.1 £05 2.7 £0.5 2.50.7 2.91.0 
Van ITELT 30.4 1.2 3.5 £13 3.91.6 











S. epidermidis LDE2¢ Cef 3.5 + 1.3 3.9 40.8 2541.1 1.240.5 
Cip 3.841.0 2.94 1.2 1.640.5 0.7 + 0.28 
Cld 4.1+2.0 3.6+0.7 2.2+1.0 1.1 + 0.48 
Tob 2.6 £0.7 2.441.0 1.5 + 0.4 0.5 + 0.28 
Van 3.1409 3.440.9 2.3 £0.9 1.51.0 





S. epidermidis MCW8A* Cef 3.31.0 3.1412 1.9+0.5 0.2 + 0.18 
Cip 4.11.6 3.8 + 1.6 2.9 + 0.9 1.80.5 
Cld 3.04 1.3 2.8 £0.9 2.141.2 1.1 + 0.48 
Tob 3:7 £0.9 3:3:£1.9 2.61.0 0.9 + 0.58 
Van 4.2 +1.9 ITENS 1.8 + 0.9 - £ 


E.coli ATCC 25922/ Cip 4.342.2 250.3 1.3 + 0.48 - £ 
Tob 3:3:#:1.5 3.5 40.8 2.140.8 1.14 0.3% 


“five blocks were analyzed at each time interval 

» cefazolin = Cef; ciprofloxacin = Cip; clindamycin = Cld; tobramycin = Tob; vancomycin = 
Van 

€ PR62A controls: 4.2 + 1.7 (8 h) and 3.7 + 1.9 (96 h) 

d LDF2 controls: 3.9 + 1.5 (8 h) and 3.5 + 1.0 (96 h) 

e MCWBA controls: 3.8 + 1.9 (8 h) and 3.6 + 2.0 (96 h) 

f ATCC 25922 controls: 4.2 + 2.1 (8 h) and 4.1 + 2.3 (96 h) 

£ p <0.05. 


This effect was more pronounced with MCW8A colonized blocks. At 96 h all antibiotic- 
impregnated blocks revealed a significant (p < 0.05) decrease in surface contamination 
compared to 96 h controls. At 96 h, vancomycin-impregnated PMMA blocks were culture 
negative following sonication. Similar findings were observed with E. coli inoculated 
PMMA. Mean microbial recovery from both ciprofloxacin and tobramycin-impregnated 
blocks was significantly (p < 0.05) reduced at 96 h. In addition, E. coli recovery from 
ciprofloxacin-impregnated PMMA was significantly reduced at 48 h compared to control 
blocks. 


B. TEM and SEM Observations 


Figure 1A documents the colonization of cefazolin-impregnated PMMA at 24 h post- 
inoculation. Figure 1B demonstrates the gelatinous colonies on the surface of the 
cefazolin-impregnated cement at 48 h postinoculation. The high magnification of RP62A 
(cefazolin-impregnated PMMA) at 96 h reveals exopolysaccharide (fuzzy) substance 
embedded between individual cocci (Fig. 1C). The transmission electron micrograph in 
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Figure 1. (A) colonization of PMMA block by Staphylococcus epidermidis RP62A at 24 h 
postinoculation, cefazolin-impregnated PMMA (Mag. x640). (B) Strain RP62A (slime+) 
producing large gelatinous colonies on surface of cefazolin-impregnated PMMA at 
48 h postinoculation (Mag. 2500). (C) High magnification of RP62A at 96 h (cefazolin- 
impregnated PMMA) demonstrates exopolysaccharide matrix between individual bacterial 
cells (Mag. x10,000). (D) TEM image of RP62A colonizing the surface of ciprofloxacin 
impregnated resin block at 24 h. Cells were stained with L-lysine-ruthenium 
red-glutaraldehyde to enhance visualization of exopolysaccharide (slime) layer 
(Mag. x18,000). 


Figure 1D demonstrates the glycocalyx substance associated with individual RP62A cells 
and adherent to the surface of the ciprofloxacin-impregnated PMMA blocks at 24 h. 
Figure 2A documents the abundant surface colonization of vancomycin-impregnated 
PMMA (4.2 log, cfu/mm?) at 24 h post-inoculation. Figure 2B is a lower magnification 
taken at 96 h postinoculation, showing few cells contaminating the surface of the 
vancomycin-impregnated PMMA. Figure 3A demonstrates abundant E. coli adherent to 
control cement at 8h. Figure 3B reveals the surface of tobramycin-impregnated PMMA 
at 48 h demonstrating a reduction in E. coli adherence compared to control blocks 
(Fig. 3A). 


C. Previous Studies with Antibiotic-Impregnated Cement 


Several studies have measured the diffusion of antibiotics from orthopedic bone 
cement (polymethylmethacrylate) in a variety of diluents including distilled water, 
serum, buffered PBS, and synovial fluid.!°!! The values obtained in the present protocol 
represent values within the midrange of published studies. The levels obtained with all 
test antimicrobials exceeded the breakpoint for all drugs tested. However, the data 
suggests that staphylococcal strains that produce copious amounts of slime, are less 
susceptible to antibiotic impregnated PMMA than poor slime (or negative) producers. 
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Figure 2. (A) SEM image of staphylococcal strain LDE2 (slime) colonizing surface of 
vancomycin-impregnated PMMA at 24 h post-inoculation (Mag. x5000). (B) Lower 
magnification of vancomycin-impregnated PMMA at 96 h post-inoculation demonstrating 
fewer cells adherent to the cement surface (Mag. x2100). 


This verifies recent studies suggesting that bacterial slime or biofilm promotes 
phenotypic resistance compared to biofilm-deficient strains.!8?0 It was apparent that 
nonslime-producing strains were much more susceptible to test antimicrobials than 
RP62A. This also appears to be the case with other microbial populations such as the 
Gram-negative cocci (E. coli). The production of copious amounts of exopolysaccharide 
may physically prevent antibiotics from entering the contaminated site. In addition, 
bacteria existing within the biofilm matrix express varying levels of metabolic 
competence, which may appear to mimic bacterial resistance. 


D. Problems with Current Antibiotic-Impregnated Protocols 


There are two potential problems associated with the present protocol and previous 
investigations of microbial adherence to antibiotic impregnated orthopaedic cement. First, 
lack of standardization has resulted in the use of various dosing (antibiotic loading) 
schedules that have been derived empirically. Therefore, it is difficult to make a 
comparative evaluation of this technique with other published studies without careful 
consideration of all selected variables (drug, dosing and surgical procedure). Second, 
antibiotic selection often focuses upon agents that cover anticipated microbial pathogens 
and little thought is given to the metabolic competence of these organisms once adherent 
to PMMA. Following adherence to an inert biomaterial surface, microorganisms undergo 
a down-regulation of their metabolism, increasing the generational turnover time.*” 
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Figure 3. (A) E. coli colonizing surface of control PMMA block at 8 h (Mag. x3100). (B) 
SEM image of E. coli on surface of tobramycin-impregnated PMMA demonstrating fewer 
adherent cells at 48 h postinoculation compared to controls (Mag. x3100). 


Therefore, in designing an in vitro model of microbial adherence to antibiotic- 
impregnated materials, there must be a sufficient period of exposure to the impregnated 
substrate to compensate for the diminished metabolic capacity of the test micro- 
organisms. We have found a time frame of 4 to 7 d adequate for testing the inhibitory 
impact of impregnated antibiotics on microbial adherence to PMMA. 

Preparation of PMMA samples for transmission or scanning electron microscopy is 
relatively straightforward. The advantages of using lysine for improved visualization of 
staphylococcal glycocalyx are discussed in Chapter 15 (Fassel and Edmiston). The 
principle advantage of the OTO (SEM) technique by Kelley is enhanced sample 
preservation without the subsequent heat damage that often occurs when applying 
traditional metal (Au/Pd) coatings. The OTO technique does not reduce sample 
durability, allowing for long observation times under the electron beam. In addition, the 
OTO coating does not reduce resolution of staphylococcal exopolysaccharide (glycocalyx) 
and is an appropriate technique for visualizing microbial adherence to a broad-range of 
biomaterial surfaces. 
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I. INTRODUCTION 


One of the most serious complications in implant surgeries is infection, which may 
lead to complete failure of the implanted device.*° Bacterial contamination of prostheses 
or bacterial adherence to biomaterial surfaces during implantation surgery (through air or 
direct contact) or during the postoperative period (hematogenously) is an important step 
in the pathogenesis of prosthetic infection.’ It is thought that certain strains of bacteria, 
particularly coagulase-negative staphylococci (CNS, a major bacteria for prosthetic 
infection) secrete bacterial slime which forms a biofilm on implants. Once the adhesion 
occurs on the implant surface, the bacteria make themselves less accessible to the human 
defense system and significantly increase antibiotic resistance. 

Over the years, the implant infection rate has decreased due to improved operating 
room techniques, such as the ultra clean air system (in the case of total joint replacement 
surgery) and the use of prophylactic antibiotics. Also, much attention has been paid to 
surface modification or surface coating of biomaterials in order to reduce the chance of 
bacterial adherence and subsequent prosthetic infection. Examples of these efforts 
include material surfaces modified by anodal polarization or photochemical 
immobilization of antimicrobial peptide or coated with protein, silver, heparin, or 
salicylates, although these approaches are still in the experimental stage.° 

Among the various methods available for changing the surface of biocompatible 
materials, one approach is to attach or coat the surface of the material with appropriate 
macromolecules of biological origin, such as albumin or heparin. The classical rationale 
for using albumin to coat blood contacting biomaterial surface is that it neither initiates 
coagulation nor attracts platelets, thus leading to improved blood compatibility. Many 
proteins (serum or tissue proteins) have been studied for their effects on bacterial 
adhesion to material surfaces, including albumin, heparin, fibronectin, fibrinogen, laminin, 
denatured collagen, and more.*7>788 They promote or inhibit bacterial adhesion 
through binding to substrata surfaces, binding to bacterial surfaces, or being present in 
the liquid medium during the adhesion period. For the latter situation most of the 
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proteins inhibited bacteria adhesion,'’® possibly affecting bacterial adhesion by their 


association with the bacterial cell surface, the material surface, or both. Most of the 
bindings between bacteria and proteins are specific ligand/receptor-like interactions. 
Proteins may also change the adherent behavior of bacteria by changing bacterial surface 
physicochemical characteristics.557576 

So far, the most promising proteins having bacterial repellant ability include heparin 
and albumin, which are the foci of this article. Several other proteins with potential 
anti-adhesion properties, such as serum and bacterial surface proteins, are also briefly 
mentioned. Several proteins showing the effect of antibacterial adhesion are listed in 
Table 1. 


II. HEPARIN 


Heparin contains (1—4)-linked 2-amino-2-deoxy-a@-p-glucopyranosyl, O-L- 
idopyranosyluronic acid, and a small proportion of B-p-glucopyranosyluronic acid 
residue. The hexosamine and hexuronic acid residues are linked alternately and are 
partially O-sulfated. Most of the 2-amino-2-deoxy-p-glucosyl residues are N-sulfated, 
the remainder being N-acetylated Heparin exerts its main blood-anticoagulant activity 
by binding, and thereby potentiating the inhibitory effect of, the plasma protein anti 
thrombin.”’ The concept of coating surfaces with heparin began with Gott et al.*? Since 
this research began, extensive efforts have been carried out to explore the effects of 
heparin coating of various biomaterials. Much of the early research focused on 
developing various methods in which to bind heparin to thrombogenic and nonthrombo- 
genic surfaces alike.”!?784 Once this hurdle had been accomplished, further studies 
were done in hopes of developing a new technique of inhibiting bacterial adhesion to 
biomaterial surfaces using heparin coating. 


A. Heparin Bonding to Biomaterial Surfaces 


Various efforts have aimed at achieving the goal of finding the most efficient way in 
which to bind heparin to the surface of biomaterials. The initial data obtained by Gott 
suggested that the mechanism of binding by heparin was via the negatively charged 
sulfate groups of heparin complexed with the quaternary groups contained on the surfaces 
of materials.*? Data from this research developed the idea that surfaces coated with 
heparin are generally and relatively thromboresistant. This concept was the basis for 
continued research by various other groups. The concept of introducing quaternary groups 
began to be applied to a variety of surfaces, such as polyethylene and silicone rubber. The 
work by Yen and Renbaum further developed this method by using polyurethanes 
containing amino groups which were then quaternized with HCI.°! Merker et al. used 
3-aminopropyltriethoxysilane to react with silicone rubber, and then the amino groups 
were then quaternized. Much simpler procedures were then developed by Grode whereby 
treatment of polymers with a solution of tridodecyl-methyl ammonium chloride 
(TDMAC).*> Merrill et al. also prepared a cross-linked material in which heparin is 
covalently bound to a biomaterial surface first by heating a water solution of heparin, 
polyvinyl alcohol, glutaraldehyde, and an acid catalyst.>4 

Early work by Chang and associates further studied the platelet—surface interaction on 
a heparin complexes coated thrombogenic surface (heparin-benzokonium-cellulose 
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Table 1. Surface-Bond Proteins Having Antibacterial Adhesion Abilities 


Protein 


Albumin 


Bacterial proteins 


Heparin 


Gelatin 
Kininogen 
Pepsin 

Plasma or serum 


Saliva 
Other proteins 


Abbreviations: 


Specific protein 


BSA 
BSA 
BSA 
BSA 
BSA 


HSA 
HAS 
HSA 


HSA 

HSA 

Protein A 
Clumping factor 
Cell membrane 
SA I/II 


Human 

Human 

Human 

Human 

Human IgG 
Polyclonal IgG 


Material coated 


Polystyrene 
HA disks 

HA beads 

HA beads 
FEP, CA, glass 


Silicone catheters 
Teflon, PC, PE 
PTFE 

Dacron 
Polyetherurethane 
Ti, Ti-alloy 
Silicone 

Silicone 

Silicone 

HA Beads 

Latex, teflon-vinyl 
PMMA IOL 

PE, polystyrene 
PVC 

Silicone 
Polyurethane 
PVC, silicone 
PMMA IOL 
PMMA IOL 
PMMA 
Polyurethane-PEG 
Polystyrene 
Polyurethane 
Polystyrene 

PU, PVC, glass 
Silicone catheters 
Teflon catheters 
Stainless steel 

Ti, Ti-alloy 
Silicone catheters 
Dacron 

PTFE 


Poly-L-glutamate HA disks 


Phosvitin 
O,;-Casein 
B-Casein 
«-Casein 
B-lactoglobulin 
o-lactalbumin. 


CA = cellulose acetate 


FEP = fluorethylene propylene copolymer 


HA = hydroxyapatite 
IOL = intraocular lens 
PC = polycarbonate 
PE = polyethylene 


Bacteria studied 


Pseudomonas sp. 

Strep. mutans 

S. sanguis, S. mutans 

S. mutans, S. sanguis, S. mitis 
S. mutans, S. sanguis, S. mitis 


aureus, S. epidermidis 
epidermidis 

S. aureus, S. epidermidis 

S. aureus, S. epidermidis, E coli 
S. epidermidis 

Actinomyces, Actinobacillus 


S. 
S. 


S. aureus 

S. aureus 

S. aureus, S. epidermidis 

S. mutans 

E. coli 

S. epidermidis 

S. aureus, S. epidermidis 

E. coli, S. aureus 

E. coli, S. aureus 

S. aureus, S. epidermidis 

S. epidermidis 

S. epidermidis 

S. epidermidis 

S. epidermidis 

S. epidermidis, E. coli 
Pseudomonas sp. 

S. aureus 

Pseudomonas sp. 

S. epidermidis, P. aeruginosa 
S. aureus, S. epidermidis 

S. aureus 

S. aureus, E. coli, P. aeruginosa 
Actinomyces, Actinobacillus 
S. aureus, S. epidermidis 

S. epidermidis, E coli 

S. epidermidis 

Strep. mutans 


PMMA = polymethylmethacrylate 


PTFE = 


polytetrafluoroethylene 


PU = polyurethane 
PVC = polyvinyl chloride 
Ti = titanium 
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nitrate coated),”! as well as surface radiation grafting of heparin to thrombogenic 
surfaces.** Two-hour gamma irradiated N,N-diethylaminoethy] cellulose acetate 
membranes retained the highest amount of heparin; however, there was a 25% decrease in 
tensile strength. In vitro studies showed that blood did not clot even after 60 min on this 
membrane. In vivo studies on dogs showed a significantly higher thromboresistance on 
the heparinized samples as compared to control samples, indicating these as a promising 
heparinize nonthrombogenic sufaces.” 

A heparinized hydrophilic polymer was reported by Idezuki et al.,47 which is H-RSD, a 
graftcopolymer composed of ethylene, vinyl acetate, vinyl chloride, polyethylene- 
glycolmethacrylate, quarternized dimethylaminoethylmethacrylate and ionically bound 
heparin. It continuously releases heparin from its surface at the rate of approximately 
0.004 units/cm?/min when placed in the plasma. It has been proven both experimently and 
clinically that H-RSD has excellent antithrombogenic**-©* and antibacterial adhesion 
properties.4?-°! 

Since the effects of albumin have been determined to provide a bacterial resistant 
coating to bioactive material, Hennick et al.*”7° developed a albumin—heparin conjugate 
and studied its effects on coagulation in vitro. This substance was found to be an inhibitor 
of coagulation formation, but more importantly, it was shown that the heparin part of the 
complex was found to be responsible for the neutralization of clotting factors at the blood- 
material interface. 

Later, Larm et al.*? and Hoffman et al.*° from the same group developed a method for 
the covalent binding of heparin to a nonthrombogenic surface via a reducing terminal 
residue. This new method of binding heparin involved the initial degradation of heparin 
and then coupling the remaining fragments together via their reducing terminal ends. Later 
the method was named as “end-point attachment.” This study was performed in vitro 
and resulted in several important effects of heparin binding. Key to the strength of 
attachment of heparin to the biomaterial surface was determined to be the 
formation of multiple ionic bonds between amino groups on the surfaces and heparin 
itself. The increased strength due to the ionic interaction resulted in a decreased motility 
of heparin once it is bound to the surface. This heparin coating method gives a stable 
anti-adhesive surface with low activation of complement and decreased bacterial 
adhesion, resulting lowered infection rates of implantable devices.*? 


B. Antibacterial Adhesion 


One major purpose of using heparin surface modification is to inhibit bacterial 
adhesion to tubular shaped medical devices, such as urinary catheters,’* central venous 
catheters,® ventriculoperitoneal shunts, or portconnected catheter.‘ 

Despite many advances in catheter design and use, the most common cause of hospital- 
acquired infections is catheterization of the urinary tract. Ruggieri et al. found that coating 
latex catheter material with TDMAC* without heparin resulted in 3.6-fold higher 
adherence by E. coli whereas coating with the TDMAC-heparin complex reduced 
adherence to less than 10% of control untreated latex. TDMAC-heparin also significantly 
reduced bacterial adherence to teflon coated latex (Bardex) and vinyl catheter material. 
Less than 30% of the original heparin was removed after wash periods of up to 1 wk. 
These results indicate that TDMAC-heparin coating of urethral catheters reduces 
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bacterial adherence and thereby may delay the acquisition of catheter associated urinary 
tract infection. 

The adhesion and growth of two pathogenic bacteria, E. coli and S. aureus, on the 
surface of a heparinized hydrophilic polymer (H-PSD as mentioned above) were studied 
by Nagaoka et al.°! Heparinized hydrophilic polymer is composed of poly(vinyl chloride) 
grafted with poly(ethylene glycol) monomethacrylate, diethylaminoethyl methacrylate, 
and ionically bound heparin. Poly(vinyl chloride) was used as a control. Polymer films 
were stored in bacterial suspensions under gentle shaking at 37°C for 24 h. The results 
demonstrated that a large amount of bacterial adhesion and biofilm formation was found 
on the control surface of poly(vinyl chloride), whereas significant reductions in bacterial 
adhesion and no biofilm formation were observed on heparinized polymer. Later, they 
studied the inhibitory effects on bacterial adhesion of a catheter heparinized using a 
similar technique to be used in patients with malignant obstructive jaundice, a 
randomized controlled study of indwelling endoprostheses (implantable port-connected 
heparinized catheters).*? In vitro examination of the two type of catheters exposed to 
suspensions of E. coli and S. aureus was performed using electron microscopy and a 
luminometer. The formation of a biofilm coated with glycocalyces was found in silicone 
catheters, but not in the heparinized catheters. In vitro experiments demonstrated little 
bacterial adhesion to the heparinized surface, but significant formation of biofilm on the 
silicone catheter surface. 

Nomura et al.° studied the adhesion by coagulase negative staphylococci in vitro to 
polyvinyl chloride (PVC), silicone, and to PVC and silicone with end-point (EPA) 
attached heparin. Bacterial adhesion was quantitated by bioluminescence. Heparinization 
of silicone and PVC decreased the numbers of adhered bacteria by 23 to 54% and 0 to 
43% compared to unheparinized surfaces. Among putative inhibitors tested, suramin, 
chondroitin sulfate, and fucoidan inhibited adhesion to 81419, 78422, and 64+7%, 
respectively. These findings indicate that hydrophobic interactions play an important role, 
and heparinization rendering the biomaterial surface hydrophilic is therefore effective to 
reduce bacterial adhesion. Heparinized polymers incubated with putative inhibitors may 
be the optimal way to prevent shunt infections. A similar study was reported by Zdanowski 
et al.?* with similar results. They found that plain PVC as compared to EPA—PVC bound 
significantly more cells of all three tested species, S. aureus, S. epidermidis, and E. coli. 
Plasma precoating significantly decreased adherence of the tested species to plain PVC 
but did not affect the binding to EPA—PVC. However, after precoating with human plasma, 
EPA-PVC compared to plain PVC showed a higher binding of S. aureus which might 
possibly be due to bridging effects of fibronectin or other plasma proteins, interacting 
with S. aureus. 

Paulsson et al. studied the adherence of CNS S. aureus to surfaces containing various 
glycosaminoglycans.™ Results from this study showed that in general, cells of the CNS 
family showed a greater adherence to polyethylene surfaces than did those from the S. 
aureus family. However, when the surface of the material was heparinized, it was shown 
that the adherence of the S. aureus cells showed a decreased adherence whereas the CNS 
cells adhered in greater numbers than those of S. aureus, and heparinizing the surface 
seemed to have little effect on their activity. When substances such as vitronectin, laminin, 
fibronectin, and collagen were preabsorbed into the surfaces, this seemed to increase the 
binding of S. epidermidis to the heparinized surfaces. 
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The effect of surface heparinization of central venous catheters on bacterial adhesion 
was studied by Appelgren et al.* Adhesion of 17 radiolabeled clinical isolates of staphy- 
lococci to catheters was examined in vitro and the outcome of heparinized and control 
catheters was compared in vivo in patients receiving long-term parenteral nutrition. The 
results showed that CNS adhered less in vitro to heparinized catheters than to control 
catheters. Among 32 central venous catheters, or patients who completed the study, 
catheter-associated bacteremia or fungemia was observed in five patients in the control 
group (n = 19) and in no patient with a heparinized catheter (n = 13). Four of 13 catheters 
in the heparin group were colonized compared with 14 of 19 in the control group. The 
numbers of organisms found on colonized catheters were larger in the control group than 
in the heparin group. They concluded that the covalent end point surface heparinization 
appears to have a great impact on both in vitro and in vivo bacterial colonization of central 
venous catheters. 

Recently, attention has been paid to the potential anti-adhesive effects of heparin 
coating on intraocular lenses (10 L) and contact lenses. As stated by Arciola et al.,!° 
intraocular lenses implanted after cataract removal must not only be biocompatible but 
also be able to inhibit cell adhesion. Studies have shown that heparin surface coating can 
inhibit cell adhesion to IOLs thus lowering the incidence of complications and reducing 
the risk of inflammation and infection.>!°? At about the same time, Portolés et al. in 19937! 
and Arciola et al. in 1994!°-!! both hypothesized that heparin surface modification of 
IOLs may also inhibit bacterial adhesion. Their results did show the significant effects of 
heparin surface treatment in hindering S. epidermidis and S. aureus adhesion. A later 
study by Abu el-Asrar et al.' with similar design testing on the same lenses also confirmed 
their findings. 

Lundberg et al.°° also investigated the adhesion of staphylococcal cells to IOLs coated 
with heparin under in vitro flow conditions, 280 L/min at 37°C. The intraocular lenses 
were incubated with human cerebrospinal fluid prior to bacterial challenge. Surface 
coating with heparin significantly decreased bacterial adhesion of both strains after 
incubation with cerebrospinal fluid including 0.50% plasma for 12 h. Microscopy showed 
that more bacteria were present on intraocular lenses without heparin than on intraocular 
lenses with heparin. 

Adherence of bacteria to the surface of contact lenses may play an important role in 
contact lens intolerance and corneal infections. To decrease the capability of bacteria to 
adhere to contact lenses Durán et al.”4 incubated two types of soft contact lenses with two 
strains of Pseudomonas aeruginosa for 12 h. When heparin was added to the medium at a 
concentration of 1000 IU/mL the numbers of bacteria adhering to the contact lenses were 
significantly fewer than in the controls. Portolés et al.’! also found that in the presence of 
heparin, either bound to the IOL surface (heparin-PMMA + PBS) or in the incubation 
solution (PMMA IOLs + heparin), the adhesion of S. epidermidis to the surfaces of IOLs 
was significantly diminished. Their results suggest that heparin, either included in contact 
lens solutions or bonded to the surface of the contact lens or IOLs, may decrease the 
incidence of biomaterial-related infections. 

One mechanism for the anti-adhesive effects of heparin coating on bacterial adhesion 
is that heparin creates hydrophilic surfaces to biomaterials or places a highly hydrated 
layer between bacteria and biomaterial surface, which is very effective for repelling 
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hydrophobic bacterial strains.°!'’? In the case of S. epidermidis adhesion to IOLs, Arciola 
et al. found that some structural fatty acids of S. aureus and S. epidermidis undergo signi- 
ficant variations after adhesion to heparin surface modified PMMA. They hypothesized 
that this bacterial fatty acid modification, the percentage value variation of the fatty acid, 
and in particular the disappearance of the 18:0 and I-17:0 peaks, may be the mechanism 
through which heparin alters staphylococcal adhesion in vitro.!° 

There are two studies demonstrated the efficacy of immobilised heparin on skin wound 
healing! and vascular graft healing.®’ These studies may lead to a new concept of heparin 
coating on implantable devices which has triple functions, preventing blood clotting, 
accelerating tissue healing or ingrowth, and antibacterial adhesion. 


I. ALBUMIN 


Albumin is a simple protein found in both plants and animals (cells, blood, and tissue 
fluids). Common forms of albumin for clinical treatment and research are commercially 
available. Most of them are serum albumins, such as human serum albumin (HSA) and 
bovine serum albumin (BSA). There are also many other commercially available 
albumins isolated from most research animals including goats, sheep, dogs, pigs, cats, 
rabbits, turkeys, rats, mice, or chicken eggs (Sigma, St. Louis, MO). 


A. Albumin Bonding to Biomaterials 


Most research studies used simple adsorption method to coat experimental material 
surfaces with albumin.>?7-°-7> Among earlier reports, Chang coated collodion micro- 
encapsulated charcoal in an albumin saline solution, 1 g% bovine albumin fraction V from 
Sigma, for 15 h at 4°C, then removing the supernatant.”° Similar methods have been used 
by our laboratory° and others.*! Another procedure is perfusing tubular membrane 
materials with albumin solution, as for polyvinyl chloride (PVC) tubings reported by 
Mulvihill et al** and for dialysis membranes (cuprophane and polymethylmethacrylate) 
by Remuzzi and Boccardo.”* Uyen et al.8” studied the adsorption of serum albumin to 
substrata with a broad range of wettabilities from solutions with protein concentrations 
between 0.03 and 3.00 mg/mL in a parallel-plate flow cell. Wall shear rates were varied 
between 20 and 2000/s. The amount of albumin adsorbed in a stationary state was always 
highest on PTFE, the most hydrophobic material employed and decreased with increasing 
wettability of the substrata. Increasing stationary amounts of adsorbed albumin were 
observed with increasing wall shear rates at the lowest protein concentration. Inverse 
observations were made at the highest protein concentration. Transmission electron 
micrographs of replicas from the albumin-coated substrata showed that proteins were 
mostly adsorbed in islandlike structures on the hydrophobic substrata. The study 
demonstrates that both the amount of adsorbed albumin as well as the surface structure of 
the adsorbed proteins are regulated by the substratum wettability. 

For albumin crosslinking methods, the two common cross-linking agents are 
carbodiimide (CDI)’*? and glutaraldehyde.”°478! However, the later was found by some 
early work to cause severe tissue reactions.!*-!> These results suggest that CDI has 
the potential for crosslinked albumin to coat an implant surface, inhibit bacterial adherence 
and reduce the possibility of prosthetic infections in vivo. For albumin crosslinking with 
CDI, ™!453-80 the cp-Ti plates were soaked in a solution consisting of 11 mL of 20% (w/v) 
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bovine serum albumin (BSA) and 10 mL of 0.2 mol/L CDI in phosphate buffered saline 
(PBS, pH 7.3) for 15 min. The plates were removed prior to gelation, and air-dried in 
covered petri dishes for 48 h. An in vivo degradation study is needed to explore this 
concept further. Previous studies have shown that both albumin adsorption and coating 
with crosslinking on titanium surfaces inhibited bacterial adherence.*>? A recent study 
further confirmed the long-lasting effect of CDI crosslinked albumin on titanium 
surface.’ During the 20 d incubation in PBS at 37°C with agitation, the coated albumin 
decayed only 10% compared to day 0. This means that most of the albumin molecules still 
remained on the surface after 20 d of incubation in PBS. This is in agreement with the 
work by Ben Slimane et al.,!° in which a crosslinked albumin coating on an arterial 
polyester prosthesis decayed only 2% in PBS or plasma over a 6 d incubation period. An 
unanswered question is what are the effects of mechanical impaction during the implanta- 
tion procedure on the integrity of the crosslinked albumin coating? How firmly the 
crosslinked albumin layer bonds to the titanium surface or how much mechanical stress 
the coating can sustain are unknown. If the crosslinked albumin coating cannot sustain the 
stresses that occur during routine implantation, another method for incorporating albumin 
to the implant surface may be needed. 

Sipehia et al.8 reported enhanced albumin binding to polypropylene via anhydrous 
ammonia gaseous plasma. The technique was used to add amino groups onto the poly- 
propylene surface by exposing them to anhydrous ammonia plasma. Through these amino 
groups, albumin was attached to the polypropylene beads. Attached albumin was further 
stabilized by crosslinking with glutaraldehyde. The effect of washing albuminated 
polypropylene beads with saline and human plasma was investigated. It was found that 
after initial rapid removal of albumin, the concentration of attached albumin tended to 
reach a steady-state. After 52 h of washing, the amount of albumin retained on the beads 
varied between 125 and 171 ug/cm?. The same procedure was also used to coat poly- 
propylene membrane.** 

Albumin can be covalently attached to various biomaterial surfaces such as polypropy- 
lene, polycarbonate, and poly(vinyl chloride) by y-irradiation.*4 The amount of the grafted 
albumin is dependent on the y-irradiation dose and the concentration of albumin used for 
adsorption. The grafted albumin molecules remained on the surface even after exposure 
to blood for prolonged time periods. This approach was used to graft albumin to poly- 
meric materials of an oxygenator. The covalent grafting of functionalized albumin by 
y-irradiation obviates the need for premodification of chemically inert polymer surfaces. 
It is useful for albumin grafting to various biomaterial surfaces. 

Tseng et al.8° reported that albumin was grafted on to polypropylene (PP) films by 
thermolysis of the azido groups of 4-azido-2-nitrophenyl albumin (ANP-albumin) with 
no pre-modification of the PP surface. The albumin-grafted surface was characterized by 
electron spectroscopy for chemical analysis (ESCA) and by quantitative determination of 
platelet adhesion and activation. The bulk concentration of ANP-albumin used for 
adsorption varied from 0.001 to 30 mg/mL, and the albumin-adsorbed PP films were 
incubated at 100°C for up to 7 h. From the same group, albumin was also grafted onto 
dimethyldichlorosilane-coated glass (DDS-glass) by photolysis of the azido groups of 
ANP-albumin without any premodification of the surface. The albumin-grafted DDS- 
glass was characterized by determining the relative amount of nitrogen resulting from the 
grafted albumin on the surface using electron spectroscopy for chemical analysis (ESCA). 
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The amount of nitrogen increased when the concentration of ANP-albumin in the 
adsorption solution increased up to 0.1 mg/mL. The maximum platelet-resistant effect 
was observed when the ANP-albumin was adsorbed for more than 50 min at the solution 
concentration ranging from 0.05 to 10 mg/mL. 

The early work by Hoffman et al.*? used ¢-amino caproic acid as a spacer or “arms” to 
chemically attach human serum albumin, heparin and streptokinase to hydrogels 
(composed of different ratios of hydroxyethyl methacrylate and N-vinyl pyrrolidone in 
water) radiation-grafted onto silicone rubber films. 

Keogh et al.*° attempted to produce biomaterial surfaces that would selectively bind 
host albumin because albumin-coated surfaces were known to diminish both coagulation 
and bacterial adherence. An albumin-binding high molecular weight dextran:Cibacron 
blue adduct was bulk incorporated into polyetherurethane (PU). The modified material 
bound albumin selectively and reversibly, and also showed evidence of enhanced 
biocompatibility. However, approximately 30% of the surface of this material was 
evidently unmodified and still capable of exerting the above adverse effects. In their later 
work,*> they have covalently surface-modified polyetherurethane with sequential 
additions of acrylamide, amino-propylmethacrylamide, dextran, and Cibacron blue, which 
derivatized polyurethane preferentially and reversibly binds albumin, even from complex 
protein mixtures such as plasma. This new surface inhibits the clotting of 
nonanticoagulated whole human blood, perhaps by virtue of binding and activation of 
antithrombin HI by the sulfonic acid residues on the surface-immobilized Cibacron blue. 
Finally, such surfaces diminish the adherence of S. epidermidis, a pathogen frequently 
associated with device-centered infections. 

Another kind of albumin-binding surface is the alkylated or alkyl derivatized (poly- 
urethane, polyethylene, cellulose acetate) polymer surfaces.*>° Albumin in blood has 
a high affinity for circulating free fatty acids. In 1981, Munro et al. proposed the covalent 
binding to polymer surfaces of 16 or 18 carbon alkyl chains (C; and Cj), which mimic 
the nonpolar structrue of the saturated fatty acids and thus develop a strong hydrophobic 
interaction with albumin.?5-60 


B. Antibacterial Adhesion 


The early work on the effects of surface coated albumin on bacterial adhesion was 
reported by Fletcher.*® She found that BSA impaired the attachment of a marine 
pseudomonad to polystyrene Petri dishes, apparently through adsorption on the dish 
surface. Albumin adsorbed or coated on material surfaces has shown obvious inhibitory 
effects on bacterial adhesion to polymers,*!4>-68:70-73 silicone,” ceramic,*° hydroxy- 
apatite,’> titanium (Ti),>’>**4 Ti-alloy** surfaces. In general, albumin coating has 
anti-adhesive effects on many bacterial species or strains, including S. aureus, S. 
epidermidis, E coli, S. mutans, S. sanguis, S. mitis, Pseudomonas sp., Actinomyces sp, 
Actinobacillus sp, or Porphyromonas gingivalis (Table 1),84 Because the anti-adhesive 
effect of albumin is so definite, it has been used often as a control coating for the 
studies on bacterial adhesion promoting proteins or factors, such as fibronectin, 
fibrinogen, fibrin, or thrombin.!3>° 

Researchers have been trying to decrease bacterial adhesion to the inside wall of 
tubular shaped medical devices, such as catheters and stents, using albumin coating. 
Pascual et al.°* found that adherence to Teflon catheters was significantly related to the 


618 An et al. 


degree of hydrophobicity of the strains. When hydrophobic groups were removed from S. 
epidermidis by pepsin treatment, adhesion was almost completely abolished. Preincu- 
bation of catheters in human serum also caused a 80 to 90% reduction of adherence. 
Preincubation of S. epidermidis in serum similarly decreased adhesion. This effect of 
serum was mainly due to albumin, while IgG and fibronectin were less effective. 

Carballo et al!? studied the influence of human plasma albumin on S. epidermis 
adhesion to teflon, polyethylene, and polycarbonate in an in vitro quantitative assay by 
scintillation counting. Bacterial adhesion was generally reduced by the presence of 
protein. The effect of these plasma proteins on bacterial surface properties resulted in 
strong increases of surface charge as measured by ion-exchange chromatography and with 
no effect on hydrophobicity, estimated as contact angles. In another study from the same 
group,'® the adhesion of five coagulase-negative strains onto polyethylene, nylon and 
polyvinyl-chloride catheters, after treatment of bacteria, catheters or both with citrated 
human plasma and HSA was studied. Plasma and serum albumin produced a marked 
inhibition of bacterial adherence by means of adsorption on biomaterial surface. 

In the oral and dental field, bacterial adhesion which can lead to biofilm formation or 
infection is a great challenge to researchers and clinicians. Attention has been paid to the 
effects of adsorbed albumin on oral bacterial adhesion to the surfaces of tooth, salivary 
pellicles,*! hydroxyapatite,’> and titanium.*4 It has been clear that albumin adsorbed on 
hydroxyapatite surfaces significantly reduces bacterial adhesion of common oral species 
such as S. mutans, S. sanguis, and S. mitis. Yen and Gibbons” found that fewer strepto- 
cocci adsorbed in vitro to hydroxyapatite beads treated with bovine albumin when 
compared to HA treated with buffer or with saliva. Approximately 60% of adsorbed 
3H-albumin persisted on HA when incubated for 24 h in clarified whole or parotid saliva. 
Also, fewer bacteria were recovered from vigorously-pumiced, molar-tooth surfaces 24 h 
after application of albumin compared to buffer-treated controls.” 

In a study by Steinberg et al.,°+ the adhesion of radiolabeled Actinomyces viscosus, 
Actinobacillus actinomicetemcomitans and Porphyromonas gingivalis to titanium and 
Ti-6-Al- 4V alloy (Ti-alloy) coated with albumin or human saliva was investigated. All 
the tested bacteria displayed greater attachment to Ti-alloy than to Ti. P. gingivalis 
exhibited less adhesion to Ti and Ti-alloy than did the other bacterial strains. Adhesion of 
A. viscosus and A. actinomicetemcomitans was greatly reduced when Ti or Ti-alloy were 
coated with albumin or saliva. P. gingivalis demonstrated a lesser reduction in adhesion 
to albumin or saliva-coated surfaces. The results show that oral bacteria have different 
adhesion affinities for Ti and Ti-alloy and that both albumin and human saliva reduce 
bacterial adhesion. 

Another challenge of bacterial adhesion is the prosthetic infection in orthopedic field. 
The use of albumin coating to reduce bacterial adhesion and evantually the implant site 
infection is still in experimental stage. HSA inhibited S. epidermidis adhesion to commer- 
cially pure titanium (cp-Ti) surfaces by more than 95 % after adsorption of 200 mg/ml of 
HSA at 37°C for 2 h.’ In another study, titanium surfaces were coated with 10% BSA in 
PBS using carbodiimide (CDI) as the cross-linking agent.’ The durability of the coated 
surfaces and the inhibitory effect of the albumin coating on bacterial adherence were 
tested in an in vitro condition (at 37°C, in PBS, with intermittent agitation) for 
20 consecutive days. The results showed that only 10% of the coated BSA decayed off the 
surface during the 20 d incubation period. The inhibition rate of the albumin coating on 


Macromolecule Surface Coating 619 


bacterial adherence remained high (>85%) throughout the length of the experiment. The 
results suggested the potential use of this crosslinked albumin coating to reduce bacterial 
adherence and the possibility of subsequent prosthetic or implant infection in vivo. The 
durability of the crosslinked albumin coating appeared to be satisfactory for this in vitro 
condition, according to the theory of the “race for the surface.” This is a term that signi- 
fies a contest between tissue cell integration of, and bacterial adhesion to, an available 
implant surface.*>*4 This knowledge is applicable not only to orthopaedic prostheses but 
to implantation of any foreign material, especially those with implant surfaces that have 
direct contact with the circulatory system where bacteria reach the implant surfaces 
through blood circulation. 

In a recent study, a crosslinked albumin coating has been shown to reduce prosthetic 
infection rate in a rabbit model. Albumin coated and uncoated cylindrical implants were 
exposed to S. epidermidis (RP62A) suspension for 1 h before inplantation. Animals with 
albumin coated implants had a much lower infection rate (27%) than those with uncoated 
implants (62%). This finding may represent a new method for preventing prosthetic 
infection.” 

Most proteins reduce bacterial adhesion through the adsorption to substrata surface, 
while serum albumin also inhibits adhesion by binding to bacterial cells.!’7 Albumin may 
also reduce bacterial adhesion by changing substratum surface hydrophobicity, because 
in the presence of adsorbed albumin, the substrata surface becomes much less hydro- 
phobic.??> In one of our recent studies,’ the SEM showed that the albumin coated 
titanium surfaces (using CDI as the crosslinking agent) are smoother than the uncoated 
ones. The results of water contact angle measurement indicated that the coated surfaces 
are more hydrophobic than the uncoated surfaces. Although no conclusions regarding the 
mechanism of the bacterial inhibiting effect of the albumin surface can be drawn from this 
experimental design, these results suggest that some relationship may exist between 
surface texture, hydrophobicity, and bacterial adherence. For example, albumin may 
reduce bacterial adherence by making the titanium surface smoother. Baker and 
Greenham!* found that roughening the surface of either glass or polystyrene with a 
grindstone greatly increased the rate of bacterial colonization in a river environment. 
Albumin may also reduce bacterial adhesion by changing substratum surface hydro- 
phobicity, since in the presence of adsorbed bovine serum albumin (BSA) substrata 
surface became much less hydrophobic.??:”” 


IV. SERUM AND OTHER PROTEINS 


A. Serum 


The adhesion of various CNS onto plasma-coated FEP was studied by Hogt et al.*! The 
adhesion of all strains onto plasma FEP was much lower than onto the untreated control 
FEP surface. Pascual et al found that pre-incubation of Teflon catheters in human serum 
caused an 80 to 90% reduction of adhesion of S. epidermidis. Similar effects were also 
found when polymers were pre-incubated with plasma or albumin.?”5770 Like albumin, 
the anti-adhesive effect of serum is definite, so it has been often used as a control coating 
for the studies on bacterial adhesion promoting proteins or factors.!377°° Pre-incubation 
of S. epidermidis in serum similarly decreased adhesion. This effect of serum was mainly 
due to albumin, while IgG and fibronectin were less effective.°? However, a controversal 
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results was reported by Zdanowski et al.” They found that after coating with human 
plasma, the binding of all three species, S. aureus, S. epidermidis, and E. coli, to PTFE 
was significantly enhanced, whereas the binding to Dacron was reduced, indicating that 
the effect of serum coating depends also on the substrata. 


B. Bacterial Surface Proteins 


By pre-incubation of silicone catheters the influence of purified staphylococcal cell 
surface components on the binding was evaluated by Espersen et al.” The most potent 
inhibitors of the binding of S. aureus were the two surface proteins, clumping factor and 
protein A, and the cytoplasmic membrane. Surface proteins and the cell membrane of S. 
epidermidis also blocked the binding. Another report stated that streptococcal antigen 
(SA) I/II of S. mutans prevented the bacteria from adhesion to hydroxyapatite beads.°? 


C. Other Proteins 


The adherence of S. mutans to hydroxyapatite disks pretreated with various acidic and 
basic proteins was reported by Reynolds and Wong.” Adsorption of a basic protein, 
including Histone H1, Histone H3, and poly-L-lysine, onto an hydroxyapatite disk 
enhanced or had no effect on bacterial adherence, whereas adsorption of acidic protein 
reduced adherence. These acidic proteins include BSA, poly-L-glutamate, phosvitin, 
Q,,-Casein, B-Casein, k-Casein, B-lactoglobulin, and o-lactalbumin. 

Another comprehensive study on the effects of individual proteins on bacterial 
adhesion to biomaterial surfaces was reported by Zdanowski et al.” They studied the in 
vitro adhesion of S. aureus, S. epidermidis and E coli (one strain of each species) to 
commercially available microporous polytetrafluoroethylene (PTFE) and woven Dacron 
vascular grafts before and after coating with different proteins. They found that coating 
with HSA reduced the binding of all three species to Dacron and of staphylococci to 
PTFE. IgG decreased the binding of S. epidermidis and E. coli to Dacron and of S. 
epidermidis to PTFE. In contrast, fibrinogen enhanced the binding of S. aureus both to 
Dacron and PTFE, and that of E. coli to PTFE, but decreased the binding of S. epidermidis 
and E. coli to Dacron. Fibronectin enhanced the binding of S. aureus to Dacron, and of E. 
coli to PTFE, but decreased the binding of S. aureus to PTFE and of S. epidermidis both to 
PTFE and Dacron. 

High molecular weight kininogen (HMWK) is a plasma protein that has recently been 
found to have an anti-adhesive effect on osteosarcoma cells, platelets, monocytes, and 
endothelial cells. Using a radial flow chamber, Nagel et al. found the anti-adhesive 
effect of HMWK (Enzyme Res Lab, Southbend, IN, USA) coating on adhesion of S. 
aureus to polyurethane, especially the hydrophilic polyurethanes. When fibrinogen and 
HMWK were adsorbed from the same solution rather than consecutively, a significant 
decrease in bacterial attachment rate was observed on all material surfaces (base, 
sulfonated, quaternized amine, and phosphonated polyurethane) 

The work by Reynolds and Wong’> may shed some light on the understanding of 
mehcanisms of the effects of surface adsorbed proteins on bacterial adhesion. They 
studied the adherence of S. mutans PK/ to hydroxyapatite disks pretreated with various 
acidic and basic proteins in imidazole buffer. Adsorption of a basic protein onto an 
hydroxyapatite disk enhanced or had no effect on bacterial adherence, whereas adsorption 
of an acidic protein reduced adherence. The effect of adsorbed protein on bacterial 
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adherence was of both short and long range. The long-range effect of the acidic proteins 
in reducing the number of bacteria adhering to hydroxyapatite was related to protein 
adsorption causing an increase in surface net negative charge, as shown by zeta potential 
measurement. Basic protein produced a net positive surface charge which facilitated 
adherence. Within the acidic protein group, the acidic residue percentage of the adsorbed 
protein was negatively correlated with the number of bacteria adhering, whereas the 
nonpolar residue percentage was positively correlated with bacterial adherence. Within 
the basic protein group, the basic residue percentage was correlated with the number of 
cells adhering. These results indicate the involvement of short-range hydrophobic and 
ionic interactions in bacterial adherence to protein-coated hydroxyapatite.’> 
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Appendix 1 
Basic Glossary on Bacterial Adhesion and Biofilm Studies 


Adhesion, Adherence, and Attachment 


Bacterial adhesion is a process that bacteria adhere firmly to a surface by a complete 
interactions between them, including an initial phase of reversible, physical contact and a 
time-dependent phase of irreversible, chemical and cellular adherence. It is an energy 
involved formation of a adhesive junction between bacteria and surfaces. Sorption is an 
out-of-date synonym for adhesion. Adherence is a general description of bacterial 
adhesion, or the initial process of attachment of bacteria directly to a surface, and is a less 
scientific term for bacterial adhesion and is not a legitimate alternative to adhesion. 
Attachment can be defined as the initial stage of bacterial adhesion, refers more to physical 
contact than complicated chemical and cellular interactions, and is usually reversible. 
Adhesion, adherence, and attachment are often used interchangeably. 


Adhesin and Receptor 


Adhesin is a substance (a surface macromolecule, commonly lectins or lectin-like 
proteins or carbohydrate, of bacteria) produced by bacteria and is thought to be a specific 
material for specific adhesion. But generally, any structures responsible for adhesive 
activities can be called adhesins. Bacteria may have multiple adhesins for different 
surfaces (different receptors). A receptor is a component (both known and putative) on 
the surfaces of biomaterials or host tissue which is bound by the active site of an adhesin 
during the process of specific adhesion. 


Adsorption and Deposition 


The accumulation of molecules onto a solid surface at a concentration exceeding that 
in the bulk fluid, brought about as a result of random Brownian motion. Deposition is 
normally used to describe the accumulation of particles at a fluid interface brought about 
by the application of an external force. In most circumstances, gravitational force brings 
particles to deposit on the bottom of a aqueous container. 


Biofilm and Biofouling 

An accumulated biomass of bacteria and extracellular materials (basically slime) on a 
solid surface is called a biofilm. Slime is defined as an extracellular substance (the 
exopolymers composed of mainly polysaccharide) produced by the bacteria which may 
be partially free from the bacteria after dispersion in a liquid medium (water-soluble) and 
can be removed from bacterial cells by washing. Biofouling is the fouling or 
contamination of an area, which is basically the process of biofilm formation on the 
surfaces of non-medical devices. 
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Colony Forming Unit (CFU or cfu) 


A colony forming unit (cfu) is a colony on a culture plate that is thought to have 
derived from a single bacterium. For many bacteria, 24—48 h of incubation is enough to 
obtain countable colonies. 


Flow Chambers or Flow Cells 


Flow devices or reactors used to grow and observe bacterial adhesion and biofilm 
development. 


Glycocalyx 


Extracellular polymeric material produced by some bacteria. Term initially applied to 
the polysaccharide matrix excreted by epithelial cells forming a coating on the surface of 
epithelial tissue. General term for polysaccharide compounds outside the bacterial cell 
wall. Also called slime layer, EPS, or matrix polymer. 


Hydrophobicity and Hydrophilicity 

The structure of water in the region near any surface (such as solid material surface or 
bacterial surface) is perturbed over distances of up to several tens of molecular layers. 
Hydrophobicity or hydrophilicity are relative descriptions. Near a hydrophobic surface 
the water is less structured in terms of intermolecular hydrogen bonding between the 
water molecules, whilst near a hydrophilic surface water is more structured. Water 
contact angle (WCA) is a good example of hydrophobic or hydrophilic nature of a 
surface. A high WCA represents hydrophobicity and a low WCA represents hydro- 
philicity. 


Slime 


Slime is defined as an extracellular substance (the exopolymers composed of mainly 
polysaccharide) produced by the bacteria which may be partially free from the bacteria 
after dispersion in a liquid medium (water-soluble) and can be removed from bacterial 
cells by washing. An accumulated biomass of bacteria and extracellular materials (basi- 
cally slime) on a solid surface is called a biofilm. 


Substrate and Substratum (substrata) 

Substrate is a material utilized by microorganisms as a source of energy, but it is often 
used as an alternative of substratum. Substratum is a solid surface to which a micro- 
organism may adhere. 


INDEX 


Absolute velocity 77 
Acridine orange 78, 126, 177, 250, 493 
Acrylamide 617 
Actinomyces 8, 65, 172, 356, 357, 611, 617 
Actinomyces naeslundii 360 
Actinomyces viscosus 65, 97, 356, 359, 361-3, 618 
Adhesion to dental surfaces 65 
fimbriae 14 
Actinobacillus 611, 617 
Actinobacillus actinomycetemcomitans 14, 362, 618 
Adhesion mechanisms 2—10 
Adhered-cell outgrowth method 152 
Adherence (see Appendix 1—Glossary) 
Adherent growth 55 
Adhesins 8-11, 30-3, 309-14, 414-22, 412 
20, 431-3 
characterization 5,7 
definition (see Appendix 1—Glossary) 
MSCRAMMs (Microbial surface recogni- 
tion adhesive matrix molecules) 9-10, 
30-1, 35, 339, 412-20, also see S. aureus 
of Bordetella pertussis 33 
of E. coli 8, 9, 32, 33 
of H. pylori 502-4 
of Mycoplasma pneumoniae 9 
of Neisseria gonorrhoeae 9 
of P. aeruginosa 10 
of Staphylococcus 418, 419 
of S. aureus 33, 35, 309-14, 419-29, 431-3 
of S. epidermidis 35, 37, 314-22 
of Streptococcus pyogenes 554—70 
RGD (arginine-glycine-aspartic acid) 10 
Adhesion, bacterial adhesion 
definition 12, 216, (see also, Appendix 1— 
Glossary) 
factors affecting 53-68, 332, 333, 399-401 
in vitro quantification 220-9, 336, 337, 
348, 349 
methods of evaluating bacterial adhesion 
348, 349 
non-specific adhesion 73-88 
phase 1 of adhesion 1—4 
phase 2 of adhesion 1, 4-11 
to biomaterials or medical devices 11, 12, 
33-8 








biliary stents 371-84 
dental material surfaces 154, 353-64 
hydroxyapatite 5, 12, 14, 65 
irregular or porous surfaces 331—40 
polyethylene 61 
polyethylene terephthalate 61 
PMMA 599-607 
polystyrene 59, 61, 65 
solid surface 4—7 
suture materials 59, 60 
Teflon 61 
titanium surfaces 59, 60, 63, 618, 619 
tubular devices 345-51 
ultra high molecular weight polyethylene 
(UHMPE) 60-2 
vascular catheters 59, 60, 63 
to cell culture suspension 543 
to cultured cells 541-50 
to host tissue or cells 7-11, 32 
cartilage 19 
conjunctival cells 20 
endothelial cells 20, 33, 428, 435, 
487-94, 532, 533 
epithelial cells 428 
formalin-fixed cells 543 
gastric epithelium 16, 17, 497-509 
intestinal epithelium 17, 18 
keratinocytes 428 
oral cavity 14, 15 
osteoblasts 19, 428 
pharyngeal mucosal cells 20 
respiratory epithelium 15-6, 457-79 
respiratory mucus 461-76 
skin cells 19 
tooth surface 59, 445-52 
umbilical vein endothelial cells 33 
uroepithelium 18, 515-23 
Adhesive coefficient 78, 85 
Aequorea victoria 262 
Aeromonas 9 
Albumin 35, 63, 64, 277, 280, 355, 363, 375, 
376, 609, 610, 615-9 
antibacterial adhesion 586, 612, 614, 617 
bovine serum 611, 615, 619 
coating methods 615-7 


629 


630 


coating on titanium 64, 616, 619 
cross linking 363, 615 
dental field 618 
human serum 64, 619 
prosthetic infections 618 
Albumin-heparin conjugate 612 
Alanine aminotransferase 379, 381 
Alcian blue 235-7 
Alkylated or alkyl derivatized surface 617 
Alkaline phosphatase 261, 277, 379, 380 
Amalgam fillings 359 
3-aminopropyltriethoxysilane 76 
Ampicillin 279, 383 
Amylase 355, 357 
Angular velocity 77 
Animal 
cat 379 
dog 380 
gerbil 508 
guinea pig 63, 399, 402 
monkey 508, 516, 522 
mouse 436, 508 
pig 379, 508 
rat 319, 380, 434, 435, 476 
rabbit 64, 435, 436 
Animal models 434-6 
adhesion to respiratory epithelium 473 
adhesion to subcutaneous implants 399 
bacteremia 435 
bacterial adhesion to bile stents 379-82 
biofilm formation 154 
bone implantation model 402-4 
central venous catheter infection 319 
endocarditis 435 
foreign body infections 399 
in vivo adhesion models 397—406 
septic arthritis and osteomyelitis 19, 435, 436 
staphylococcal disease models 64, 434-6 
subcutaneous implantation 399 
tracheal xenograft models 476 
wound infection 434 
Antimicrobial peptide 59 
Antimicrobial substances 581—7, 591-6 
Antimicrobial agent impregnation 581-7, 591- 
6, 599-607 
Antibiotic resistance of biofilm bacteria 133, 339 
Antibiotics 332, 338, 339, 372, 383, 384, 396, 
504-8, 570, 571, 591-6, 599-607 
Apoptosis 428 
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Aspartate aminotransferase 379, 380 
ATR-FTIR (attenuated total reflection/Fourier 
transform infrared spectroscopy) 155 
Atomic composition 77, 79 
Atomic force microscopy (AFM) 112, 285-94, 
340 
biological applications 286-7 
controls 291-2 
elastic deformation of biological samples 
292 
immobilization techniques 289 
limitations 293 
procedures 287-91 
reproducibility 292 
ATP bioluminescence assay 278-80 
Attractive forces 95 
Atomic force microscopy (AFM) 4, 38, 84, 
285-94, 297, 340, 346 
Avidin-peroxidase 260, 275 


B acillus 34 

Bacillus coagulans 180 

Bacillus subtilis 7, 152 

Background noise 302 

Bacteremia 435 

Bacteria-animal cell interaction 47 

Bacteria-material interaction 54 

Bacteria-plant cell interaction 47 

Bacterial enzyme activity 280-1 

Bacterial internalization assay 493-4 

Bacterial lawn 292 

Bacteroides 332 

Bacteriolytic enzymes 10 

Bartonella henselae 488 

Basal body 5, 44 

Batch cultivation systems 152, 204 

Bathing fluid, media 218-9 

Benzalkonium chloride (BZC) 383, 585 

Beta-emitters 263, 264 

Beta-galactosidase 262 

Bile mucin 372 

Bile flow 
bile salt-dependent flow (BSDF) 372 
bile salt-independent flow (BSIF) 373 

Bile stents 371-84 

Biliary tract 372 

Bilirubin 373, 379, 381 

Biofilm, biofilm formation, biofilm cultivation 
43, 47, 91-100, 235, 253, 261, 273, 308, 
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309, 348 
adhered-cell outgrowth methods 152 
analyzing methods 154-61 
area or surface coverage 154, 176 
“batch culture” biofilm methods 152-3 
biocide penetration 254-5 
biofilm communities 171-84 
classification 135-6 
high biodiversity biofilm 136-9, 159 
low biodiversity biofilm 136-7, 158 
types of biofilms 134-6 
CNS biofilms 137 
community structure 161 
cultivation, culture techniques 7—10, 12, 
15, 29-30, 35, 45, 48-49, 139-41, 
141-53, 254, 259, 281 
definition 6, 12, 133, (see Appendix 1— 
Glossary) 
density 154-5 
dental plaque biofilms 91—100, 137-9, 
353-64, 445-52 
formation on biomaterials or medical 
devices 143, 176, 345, 356, 360, 585, 613 
carbon substrate 176 
catheters 143 
dental surfaces 353-64, 445-52 
glass tubes 143 
on glass beads 153 
Parafilm surface 99 
Teflon surface 99—100 
titanium surface 100 
intra-oral biofilm formation 91—100, 353, 
354, 357 
intravascular 137 
methods of evaluation 
microtitter plate method 228-9 
tube test 308 
wall-growth methods 152 
objectives of biofilm studies 138 
physiology 
control of biofilm physiology 204 
whole biofilm activities 157 
pseudo-biofilm biochemical reactors 141—2 
resistance (to antibiotic) 6, 30, 133, 259, 
333, 338 
phenotypic characterization of slime 
production 338-9 
structure and nature 139-41 
morphology 155 
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slime 137, 315-22 
spatial organization 178 
substructure 155 
thickness 137, 138, 140, 154, 177, 178 
weight 154 
Biofilm communities 171-84 
Biofilm cultivation in vitro 133-61, 173, 174 
Biofilm cultivation in vivo 153, 154 
from human patients 153 
animal models 154 
Biohazard Safety Level 103 
Biological hood 107 
Biomass 155 
Biomaterials 331 
Bioreactors 148, 149, 174 
Biotin 260, 278 
Bladder epithelial cells 32 
Borrelia burgdorferi 20 
Bordetella pertussis 33, 276, 277, 469 
Bordetella bronchiseptica 276, 277 
Boltzmann constant 77 
Boltzmann’s distribution 300 
Bone sialoprotein 313, 413, 418 
Borrelia burgdorferi 489 
Bromine 76 
Broth 
brain heart infusion broth 447 
minimal broth 390 
Mueller-Hinton 374, 400 
Todd-Hewitt 449 
Tryptic soy broth (TSB) 55, 177, 390 
Brownian motion 3, 29, 95 
Burkholderia cepacia 461 
Burners 105 


Catcium phosphate ceramics (antimicrobial 
effect of) 334 
Candida infections 19—20 
Candida albicans 527-37 
adhesion 58, 220, 276, 585 
to animal cells 533, 534 
to cultured epithelial cells 532 
to denture acrylic 534 
to endothelial cells 532, 533 
to epithelial cells 528-32 
to fibrin clots 534 
to keratinocytes 532 
to uroepithelial cells 531 
factors affecting Candida adhesion 530 
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pathogenesis 19, 527 
Candida parapsilosis 122 
Capsules 5—6, 74, 137 
Carbodiimide (CDI) 64, 615-6, 618 
Carboxyfluorescein 181 
Carboxylic acid terminated SAM 76, 79 
Cariogenic bacteria, 354, 355, 359 
Catheters 
central venous 584, 586 
biliary stents 346-7 
biofilm formation in 143 
bladder catheters 595-6 
intravascular infection 307 
peritoneal 346 
prostate stents 346-7 
pulmonary artery 584 
silicone 584 
Teflon (polytetrafluoroethylene) 399, 584 
urinary 122, 137, 346-7, 584 
ureteral stents 346-7 
vascular catheters or prostheses 347, 591-5 
Caulobacter crescentus 44 
Camylobacter jejuni 46 
Cell-agarose laminar flow chamber 140, 142 
Cell lines 542-50 
Caco-2 (from human colonic adenocarci 
noma) 542, 545 
HeLa cells (from human cervical epithelial 
carcinoma) 542, 545, 
Hep-2 (from human laryngeal epidermoid 
carcinoma) 542, 545-9, 556-9 
HT-29 (from human colonic adenocarci 
noma) 542-3, 545 
INT—407 (from human embryonic intesti- 
nal cells) 542 
T84 (from human colonic carcinoma) 542-3 
Cell-to-cell signaling 38 
Cell-to-cell interactions 48, 65, 183 
Cellulose acetate 98 
Cellulose-binding factor (CBF) 6 
Cellulose binding domains (CBD) 34 
Cellulosomes 33 
Central venous catheter 63, 591—2 
Chemical treatment 124 
Chemostats 140, 142 
Chemotactic activity 95 
Chemotasis 137 
Chitobiase 262 
Chlorhexidine 586 
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Cholangitis 371 
Chondroitin sulfate 30 
Cilotoxic microbes 15 
CIfA (clumping factor A) 31, 33, 413-21 
CIfB (clumping factor B) 31, 33, 413-21 
Clostridium cellulovorans 33-4 
Clostridium josui 34 
Clostridium thermocellum 6 
Coaggregation 53, 91, 94, 97, 172-3, (see 
Appendix 1—Glossary) 
Coagulase-negative staphylococcus (CNS) 6, 
11, 12, 34-5, 60, 64, 609, 613, 619 
Colanic acid 4 
Collagen 63, 276, 277, 278 
binding by microbes 10, 30, 63, 339, 609, 613 
binding by S. aureus 63 
binding by S. mutans 63 
Collagen-binding adhesin (CAN) 417 
Colloidal particles 95 
Colonization (see adhesion) 
Colonization factors (CFs) 545 
Colony forming units 115-6 (see Appendix 1— 
Glossary) 
Commercially pure titanium (cp-Ti) 59-62, 64 
Community-level sole carbon source (SCS) 184 
Confocal laser scanning microscopy (CLSM) 
112, 125, 145, 155, 174-5, 177, 205, 221- 
2, 249-55, 261 
Consolidation phase 172 
Constant depth film fermenter (CDFF) 149 
Contact lenses 389-96 
bacterial adhesion to 389, 614 
testing adherence 391-5 
Continuous ambulatory peritoneal dialysis 
(CAPD) 251-2 
Continuous flow devices or chambers 
artificial mouth systems 147-8 
constant-depth film fermenter 149-50 
continuous flow slide culture 145 
fluid shear-controlled roto-torque 149 
gradient culture methods 145 
growth-rate controlled biofilm fermenter 150 
McGlohorn flow chamber 140, 145 
radial flow reactor 148-9 
Robbins device 140, 142 
rotating disk chamber 77 
Sorbarod perfused biofilm model 150 
Corrosion of stainless steel 12 
Coulter counter 111 
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Cross-linking 64, 615-6 
Cryptitopes 97 
Culture media 109, 110 
continuous chemostat 205 
liquid 109, 110 
preparation 109 
serial subculture 116 
tryptic soy broth 109 
trypticase soy agar 109 
5-Cyano-2,3-ditolyl tetrazolium chloride 
(CTC) 126 
Cyropreservation 117 
Cystein-containing salivary phosphoproteins 
(CCP) 355 
Cystic fibrosis 459 
Cytoplasmic redox potential 181 


Dari 126, 127 
Darkfield microscopy 174 
Dental plaque biofilms 91—100, 137-9, 353- 
64, 445 
Denaturing gel gradient electrophoresis 
(DGGE) 161 
Detachment of adherent bacteria 262, 263 
Dexon sutures 59 
Dextran 617 
Di-I 250 
Dichlorophenol 176, 178 
Direct observation 220 
Direction of spreading test 57 
Debye forces 303 
Deleya marina 583 
Dental plaque 353-64 
biodiversity 136, 137 
composition 137 
definition (see Appendix 1—Glossary) 
formation 138, 147 
implant materials 362—4 
on tooth surfaces 354-8 
restorative and prosthetic materials 358-62 
Dental surface 353-64 
Density-gradient gel electrophoresis, 182 
2,7-Dichloro 9-flurenone 177 
Dipheny] anthracene 177 
DLVO forces 4, 73 
DLVO theory (by Derjaguin, Landau, Verwey, 
and Overbeek) 2—4, 82, 95, 305 
Double layer interaction 2, 3 
Doubling time (g) 191 
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Drying 125 
Dual-dilution continuous culture (DDCC) 174 


Eps (Elastin-binding protein S) 413-21 
Eddy currents 348 
Elastin binding by microbes, 30, 339 
Electrical double layer or Stern layer 3, 94, 95 
Electrolytes 56 
Electron microscopy 235-47, 249, 255, 467, 
468,519, 545, 602, 603, 613 
Electron transport chain activity 181 
Electron spectroscopy for chemical analysis 
(ESCA) 616 
Electrophoretic mobility 334 
Electrostatic forces 74, 95-6 
Electrostatic interactions 74, 94, 95, 172 
Enamel 363 
Endocarditis 20, 63, 435, 488, 489 
Endothelial cells 20, 487-94 
Energy barrier 96 
Energy dispersive X-ray analysis (EDX) 346 
Enhanced chemiluminescence (ECL) 378 
Enterobacteria 8, 332 
Enterococcus 372 
Enzyme-linked biotin-avidin assay 225 
Enzyme-linked immunosorbent assay (ELISA) 
225, 260, 261, 430, 468, 477, 500, 501, 
506, 544, 545 
Enzyme-linked immunoassay (EIA) 273-7 
Enzyme-linked lectinosorbent assay (ELLA) 225 
Epifluorescent microscopy 60, 61, 111, 180 
computerized or image-analyzed 78 
Escherichia coli 4, 29, 45, 262, 276, 332, 371, 
489, 545-50 
O157:H7 strain 548 
021:H25 strain 123, 381 
adhesins 9, 30 
FimH adhesin 32, 33 
LPS (lipoteichoic acid) 9 
PapG adhesins 32 
P fimbriae 9, 18, 276, 515-22 
P pilus 9, 32 
S fimbriae 9, 489. 515 
shiga toxin-producing E. coli (STIC) 29 
tip adhesins 32 
type 1 fimbria 8, 9, 18, 274, 275, 515-22 
type I pili 46, 280 
adhesion to biomaterials or medical 
devices 7, 45, 277, 278, 581, 584, 
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602-7, 611, 613 


PMMA 85, 602-7 
other polymers 65, 85 
sutures 59 
adhesion to urinary tract 18, 32, 516-22 
intimin 33, 546 
preparation 196 
outer membrane protein A (OmpA) 489 
types or strains of E. coli 
D21 and D21e7, 289-293 
diffuse adherent E. coli (DAEC) 
545, 549 
enteroaggregative E. coli (EAEC) 
545, 548 
enterohemorrhagic E. coli (EHEC) 
544, 545, 548 
enteroinvasive E. coli (EIEC) 544 
enteropathogenic E. coli (EPEC) 17, 
29, 33, 280, 545-7 
enterotoxigenic E. coli (ETEC) 545 
K-12 strains 289-93 
NG7C strains 376 
Eukaryotic cells 43 
Evanescent wave light scattering 299 
Experimental design 213 
exploratory stage 214 
hypothesis testing 214 
confimatory studies 215 
selection of bacteria 347-8 
selection of suspending fluid 347, 348 
Extracellular binding proteins 417 
Extracellular matrix (ECM) 9-10, 30, 31, 276, 
401, 402, 412-36 
bacterial ECM 155-6 
constituents 276 
definition (see Appendix 1—Glossary) 
microbial binding to 9, 10, 412-36 
matrix proteins 401, 402, 412-36 
Eye infections 20 


Factors influencing bacterial adhesion 53—66, 

332, 333, 399-10 

antibiotics 332 

bacteria chracteristics 56-8 
hydrophobicity 56, 57, 64, 81, 84, 87, 

96, 333 

surface charge 57, 58, 333, 334 
multiple species or strains 58 

material surfaces 58—62 
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chemical composition 59, 334 
hydrophobicity 61, 62, 73, 73-88, 96, 
124, 365 
physical configuration or morphology 
60, 61, 333-5 
porosity 334, 335 
surface roughness 59, 335 
medium or suspension fluids 55, 56 
methods of evaluation 55 
models or methods 53, 54 
proteins 404 
albumin 63, 64, 401 
collagen 63, 405 
fibrinogen, fibrin 64, 404, 405 
fibronectin 62-3, 401, 404, 405 
laminin 64 
other proteins 65 
serum or plasma 65 
tissue proteins 65, 66 
virulence properties of bacteria 333 
Fermenters 
constant-depth film fermenter 140 
growth rate controlled biofilm fermenter 140 
radial flow fermenter 140 
rototorque 140 
Fibrin 35, 58 
Fibrinogen 30, 31, 35, 375 
binding by microbes 339, 609, 617 
Fibrinogen-binding proteins 417 
Fibronectin 35, 46, 64, 274, 276-8, 280, 373, 375 
binding by microbes 10, 30, 339, 586, 
609, 613, 617, 619 
effects on bacterial adherence 377 
on catheter surface 64 
Staphylococcus aureus 31, 33, 63, 64 
Staphylococcus aureus binding domain 63 
Streptococcus pyogenes 277 
Fick’s first law 358 
Fimbriae 5-7, 45, 46 
Flagella 5, 43-5, 47, 56 
Flow chambers, flow cells, or flow systems 54, 
124, 140, 144-6, 196 
bacterial adhesion 196 
cell culture 174 
chemotaxis chamber 121 
constant-depth film fermenter 149 
continuous flow slide culture 145 
definition (see Appendix 1—Glossary) 
flow cell perfusion chamber 121, 124 
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flow patterns 55 
flow plate flow chamber 121 
gas supply 151 
gradient culture 145 
growth-rate controlled biofilm fermenter 150 
incubators for flow chambers or devices 151 
laminar flow system 124, 140, 142 
McGlohorn flow chamber 140, 145 
modified Robbins device 378 
multiplaquechannel artificial mouth 146-8 
parallel-plate flow cell or chamber 140, 615 
pumps 151 
radial flow chamber or reactor 121, 124, 
140, 148, 149 
reservoirs 151 
Robbins device 121, 140, 142, 143 
Rotating disk system or apparatus 75, 77, 
121, 124 
rototorque 140,148, 149 
shear stress 55 
sorbarod perfused biofilm model 150 
tubings 151 
Flow cytometry 126, 468-9, 500, 501, 518, 519, 
5314 
Fluor-conjugated lectins 181 
Fluor-conjugated size-fractionated dextrans 181 
9-Fluorenone 176, 178 
Fluorescence in situ hybridization (FISH) 178 
Fluorescent Gram stain 180 
Fluorescent immunoassay 278 
Fluorescent microscopy 249, 465, 519 
Fluorescent oligonucleotide hybridization 181, 203 
Fluorescent stains 126, 127 
Acridine orange 78, 126 
Calcofluor white 532 
5-Cyano-2,3-ditolyl tetrazolium chloride 
(CTC) 126 
DAPI 126 
Di-I 250 
ethidium bromide 157, 250 
fluorescein 157, 174, 175, 250 
fluorescein di-galactoside 209 
fluorescein isothiocyanate (FITC) 177, 
465, 518, 541 
Hoechst 33258, 126, 127 
Hoechst 33258, 126, 127 
propidium iodide (PI) 126, 127, 250, 470 
rhodamine 250 
Texas red 250 
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Fluorescence recovery after bleaching (FRAP) 253 
Fluoridation 354 
Fluorochromes 250 
Fluorometry 519 
Fluoroware containers 76 
Flushing 336 
Foreign body infection 397—406 
guinea pig subcutaneous model 399 
tissue cage model 399 
Formazan reduction assay 281 
Fourier Transform Infrared Spectroscopy 
(FTIR) 114, 346 
Free energy 3 
Fructosyltransferase (FTF) 355, 358, 360 
Fusobacterium 8, 360 


GBL (glucan-binding lectin) 8 
Gamma counting 260, 264, 265, 375 
Gamma-emitters 263, 264 
Gamma-irradiation 616 
Gastric infections 16, 17 
Gelatin 611 
Genes 203-10, 339 
antibiotic-binding proteins (mecA) 339 
chloramphenicol acetyltransferase (cat) 
gene 204 
can for collagen binding protein 311, 419- 
22, 433, 435 
cIfA for fibrinogen/fibrin binding protein 
311-2, 418, 424-6 
clfB for fibrinogen/fibrin binding protein 
311-2, 418, 424-6 
eap for Eap (extracellular adherence 
protein) 313 
ebpS for elastin binding protein 311, 418 
efb (fib) 312, 418, 431 
flgK gene 45 
JLF gene 45 
jnbA genes 46, 311, 418, 422 
JnbB genes 46, 311, 418, 422 
gtf genes, for GTFs (glucosyltransferases) 
445-52 
genes for biofilm formation 47, 48 
gene fusions 204 
gfp-variant 171, 205 
glucuronidase 205 
LacZ gene 204, 205, 262 
Lux AB gene 279 
map for Map (MHC analogous protein) 
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311, 416-8 
regulation of gene expression 48, 49 
reporter genes 205, 162 
sdr (serine-aspartate repeats) genes 418, 
426, 427 
Gene expression in biofilm bacteria 203-10 
Gibbs energy or total interaction energy 94, 95 
Giemsa dye 470 
Gingiva 98 
Gingivitis 91, 92, 353 
Glicolipids 9, 478 
Glycerophosphorylcholine (GPC) 583 
Glucosyltransferases (GTFs) 355-8, 360, 445-52 
Glycocalyx 4, 173, 235, 42-7, 253 
Glycoprotein 61, 65, 95, 478 
Gradient force 299 
Gram stains 105, 125 
Gram-negative bacteria 56 
Green fluorescent protein (GFP) 180, 262 
Growth rates 189-201 
Growth rate controlled biofilm fermenter 
(GRBF) 150 
Growth rate constant 191, 200 


H aemophilus 8 
Haemophilus influenza 15, 45, 275, 277, 461, 
465, 473 
Haemophilus parainfluenzae 360 
Helicobacter heilmannii 497 
Helicobacter pylori 497-509 
adhesion 
to cell lines 499 
to erythrocytes 498 
to mucous layer 508 
to tissue culture cells 278, 499 
to tissue sections 498 
adhesins 8, 502-4 
pathogenicity 16, 29, 497, 498 
receptors 502-4 
significance of adhesion 497, 498 
vaccine 509 
Helmholtz free energy of adhesion 83, 84 
Hemagglutinins 502-4 
HEPA filtering systems, 107 
Heparan sulfate 30, 503 
Heparin 334, 347, 610-5 
binding by microbes 10, 30, 337, 609 
bonding to biomaterials 468, 582, 584 
coating to materials 584, 610-5 
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inhibiting bacterial adhesion 613 
effect of central venous catheters 614 
effect on contact lens and intra-ocular lens 614 
mechanism of anti-adhesive effects 614 
Heterogeneous microbial ecosystems 33 
High surface energy materials 122 
High molecular weight kininogen (HMWkK) 620 
High performance liquid chromatography 
(HPLC) 346 
“Hockey sticks’ 105 
Homeostasis 137 
Hoschst stains 126, 127 
Homogenization 127, 206 
Hoods 107 
Hot plate/stirrer 104 
Hydrocarbon 56 
Hydrogels 389-96 
Hydrophilic polymers 612 
Hydrophilicity 61, 65 
Hydrophobic effect 7, 8, 74 
Hydrophobic interactions 4, 83, 86 
Hydrophobic interaction chromatography 57 
Hydrophobicity or wetability 73-88 
bacteria 56—7, 64, 87, 96, 447 
methods of evaluation 56-7 
hexadecane method 447 
definition (see Appendix 1—Glossary) 
effect on bacterial adhesion 81, 84 
materials 61, 62, 73, 73—88, 96, 124, 365 
effects on S. epidermidis adhesion 80-4 
Hydrophobin 8-9 
Hydroxyapatite (HA) 5, 12, 59, 335, 339, 355, 
360, 364, 611, 617, 618, 620, 621 
saliva-coated HA 357, 448 
sintered HA 59 
Hydroxyethylmethacrylate (HEMA) 389, 
391, 582 
Hyphomonas 46 
Hexadecane assay 55, 56 


Implant infection 11-3 
In situ gene expression 180 
In vivo expression technology (IVET) 432-4 
Incubator 106, 152 
Innoculation loops 105 
Integrins 33 
Interfacial free energy 96 
for bacteria 96 
for bacteria—liquid 96 
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for solid—bacterium 96 
for solid—liquid 96 
Intensity at zero separation, 304 
Intestinal infections 17, 18 
Interfacial free energy 96 
bacterium-liquid interfacial free energy 96 
interfacial free energy of adhesion for 
bacteria 96 
solid-bacterium interfacial free energy 96 
solid-liquid interfacial free energy 96 
Intralocular lenses 390, 611, 614 
Intra-oral biofilm formation 91—100 
effect of surface free energy 99, 100 
effect of surface roughness 98, 99 
Ion implantation 584 
Ionic strength of flow medium 82, 95 
effect on S. epidermidis adhesion 82 
Isoelectric point 334 


Keratinized cells 19 

Kesson forcers 95 

Kinetic analysis of microbial adhesion 207 
Kinetic velocity 77 

Kininogen 611 

Klebsiella 372 

Klebsiella pneumoniae 179, 275-7 


Dactobacittus 361 

Lactobacillus acidophilus 581 

Lactobacillus casei 359 

Laminar flow chamber 48, 144-9 

Laminin 9,10, 35, 64, 276-8, 413 
binding by microbes 10, 30, 609, 613 
binding to S. aureus 64, 413 
binding to S. pyogenes 64 
laminin receptors of S. aureus 64 

Latex 582 

Latex particle agglutination test 57 

Lectin 8—10 

Lectin inhibitor 10 

Light microscope 110, 220 

Lipopolysaccharide 504 

Lipoteichoic acid 34, 46, 275, 277, 333, 556 

Liquid flow 95 

Listeria 17 

Listeria monocytogenes 173, 279, 489 

London Dispersion forces 95 

Long range forces 2, 3 

Long range interaction 94 
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Low energy surfaces 123 
Luminometer 274, 279, 280, 613 
Lypholization 118 

Lyme disease 489 

Lysine 235-7 

Lysozyme 355, 389 

Lysozymal hydroxylase 373 


M protein 46, 554-62 
as a virulence factor 560, 561 
function 555—60 
structure 554, 555 
vaccines 565-9 
Macromolecule surface coating 609-21 
Mammalian cells 58, 62 
D-Mannosamine 65 
Material surface 58-62 
effects on bacterial adhesion 58—62 
chemical composition 58, 59 
hydrophobicity 58, 61-62, 74, 88 
physical configuration 58, 60, 61 
surface charge 58 
surface roughness 58—60 
Mathematical models 190 
McGlohorn flow chamber 140 
Mechanisms of implant infection 11-3 
bacterial colonization of biomaterial 
surfaces 11, 12 
effects of host factors 13 
effects of implants 13 
tissue integration 12, 13 
Mechanisms of host tissue infection 14—20 
Candida infections 19, 20, 527-37 
endocarditis 20 
eye infections 20 
gastric infections 16, 17, 497, 498 
intestinal infections 17, 18 
Lyme disease 20 
oral infections 14, 15 
osteomyelitis 19 
respiratory infections 15, 16 
septic arthritis 19 
urinary tract infections 18, 515, 516 
Membrane vesicles in biofilms 11 
Meningitis 489-90 
Metal ion-dependent adhesion site (MIDAS) 
motif 31 
Metallic coverslips 63 
Methods of evaluating bacterial adhesion 121- 
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7, 213-29, 336, 337, 348, 349, 461-78 
bacteria in biofilm 133-61, 171-84 
Candida albicans 527-37 
Staphylococcus 397—406, 411-36 
to biliary stents 371-84 
to contact lenses 389-96 
to cultured cells 541-50 
to dental surfaces 353-64 
to endothelial cells 487-94 
to gastric epithelium 497-509 
to irregular or porous surfaces 331-40 
to polymers 189-201 
to polymethylmethacrylate 599-607 
to tubular medical devices 345-51 
to urinary tract 515-23 
using atomic force microscopy 285-94 
using biochemical and immunochemical 
methods 273-82 
using confocal microscopy 249-55 
using electron microscopy 235-47 
using radiolabeling techniques 259-70 
Mica 61 
Microcosm 139, 148 
Microstat 145, 146 
Microtiter plate method for biofilm formation 
227, 228 
Microtopography 216 
Mixed colonies 58 
Moraxella 45, 262 
Morton test tube closure 109 
MSCRAMMs (Microbial surface recognition 
adhesive matrix molecules) 9, 10, 30, 
31, 35, 339, 412-22, also see S. aureus 
binding to laminin 413 
binding to vitronectin 413 
binding to thrombospondin 413 
binding to bone sialoprotein 413 
CIfA (clumping factor A) 31, 413-21 
CIfB (clumping factor B) 31, 413-21 
CNA (a S. aureus MSCRAMM which 
binds fibrinogen) 31, 413-21 
Collagen-binding domain 420 
definition 412, (see also, Appendix 1— 
Glossary) 
EbpS (a S. aureus MSCRAMM which 
binds elastin) 413-21, 427, 428 
FnBPA (Fn-binding protein) 31, 46, 413-21 
FnBPB (Fn-binding protein) 31, 46, 413-21 
genetic manipulations 431-4 
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gene mutation 431 . 
prevalence of staphylococcal adhesins 418 


regulation 429 
SdrC, AdrD, and SdrE adhesins 413, 426, 427 
structural characteristics 416, 417 
Multi-plaque artificial mouth (MAM) 147, 149 
Multipurpose incubator 106 
Mycoplasma pneumoniae 9 
Mycobacterium tuberculosis 12, 489 


Neutral red 98 

Neisseria 45, 360 

Neisseria gonorrhoeae 9 

Neisseria meningitidis 489 

Nile red 177 

Nitrobacter 179 

Nitrosomonas 179 

Nonfimbrial adhesins 5 

Nonspecific bacterial adhesion 73-88 
physicochemical forces 2, 3 
van der Waals forces 74 
electrostatic forces 74 
hydrophobic effect 74 

Normalization of data 208 
cells not homogenized, 208 

N-viny] pyrrolidone (NVP) 389, 391, 585, 617 


Ocrctadecyitrichlorosaline 76, 79 
Octanol-water partition coefficient 178 
Oligonucleotide probes 178, 180 
Open growth system 91, 204 
Optical trap 297-305 
3-D optical trap 298-305 
apparatus 301 
measurement of force-distance profile 302 
Optical trap force transducer 298, 299 
gradient force 299 
scattering force 299 
Oral infections 14, 15 
OSHA (Occupational Safety and Health) 103 
Osteoblasts 19 
Osteomyelitis 19 
Osteopontin 339 
Otitis media 490 
Overnight culture 114 


Parabens 584 
Particulate wear debris 13 
Pellethane 63, 80, 85 


Index 


Pellicle 95, 354-7, 618 


Pentachlorophenol 176-8 

Perfusion model 379 

Periodontal diseases, periodontitis 12, 91, 489 

Peridontitis 353 

Peristaltic pump 107, 108, 151 

Peripheral blood monocytes (PBMC) 278 

Pharyngeal mucosal cells 20 

Phase contrast fluorescent microscopy 278 

Phase contrast microscopy 174, 336 

Phosphatidylcholine (PC) 384 

Phosphatidylinositol (PI) 384 

Phospholipid fatty acid 182 

Phosvitin 620 

Photochemical coating 582 

Photomultiplier tube 301 

Physical configuration or morphology 60, 61 

Piezo displacement 290 

Pili 5, 45 

Plant cells 43 

Plaque 92, 98, 172 

Plaque formation 94, 137 

Plasmolysis 181 

Plate counts 223, 468, 499, 500, 544 

Plating culture 114 

Pletelet 64, 65 

Platelet-poor plasma (PPP) 265 

Pluronic surfactant 59, 61 

Pneumonia 490 

Poly(alkylene oxides) 582 

Polycarbonate 58 1 

Polydimethylsiloxane (PDMS) 75 

Polydioxanone 59 

Poly(ether urethane) 75, 76 

Poly(ether urethane urea) 75, 76, 80 

Polyethylene (PE) 64, 345, 581, 611 

Poly(ethylenpropylene) 6 

Polyethylene terephthalate 582 

Poly(ethylene oxide) 61, 582, 583 

Polyethyleneimine 289 

Polylactic acid (PLA) 196 

Polymerization chain reaction (PCR) 160, 182 

Polymethylmethacrylate (PMMA) 56, 64, 333, 
337, 398—405, 582, 611, 614, 615 

Polymorphonuclear leukocytes (PMNLs) 382, 383 

Polyorthoester 196 

Polypropylene 85, 582, 616 

Poly(propylene oxide) 61, 582, 583 

Polysaccharides, exopolysaccharides 35, 74, 137 
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Polysaccharide adhesins (PS/A) 35 
Polysaccharide intercellular adhesins (PIA) 35, 
37, 317, 318 
Polystyrene 54, 56, 350, 582 
Polysulfone (PSF) 196, 582 
Polytetrafluoroethylene (PTEF, teflon) 398, 
399, 404, 615 
Poly(tetramethylene oxide) 583 
Polyurethane 346, 347, 350, 404, 581, 582-5, 
611, 617, 620 
Poly(vinyl chloride) (PVC) 46, 59, 310, 404, 
582, 615, 616 
Poly(vinyl fluoride) (PVF) 584 
Poly(vinyl pyrrolidone) (PVP) 582 
Porosity 334, 335 
Porphyromonas gingivalis 93, 489 
adhesion 15, 93, 617, 618 
fimbriae 14, 489 
Prevotella 360 
Prevotella intermedia 14, 172 
Prevotella loescheii 14, 15 
Principle component analysis (PCA) 184 
Probes 181, 209-10 
reverse sample genome probing 182 
Prolin-rich proteins (PRP) 355-7 
Propidium iodide (PI) staining 61, 126, 250 
Propionibacterium 65 
Prosthetic infection 13, 136, 137 
Proteus 58 
Protein surface coating 609-21 
Protomotive force (PMF) 10 
Pseudoalteromonas 48 
Pseudomonas aeruginosa 38, 45, 47, 49, 61, 
196-200, 277, 457-79, 585, 614 
ATCC 27853 (a strain) 264, 268, 269 
adhesins 9, 30, 390 
adhesion 10, 122, 275, 390, 461-78, 583, 
614, 617 
to Caco-2 cells 470 
to contact lenses 389-96, 614 
to polymers 65 
to respiratory mucus or cells 461-78 
JLF gene 45 
GSU #3 strain 390, 394-6 
in biofilm 179, 253, 585 
marine P. aeruginosa 61 
radiolabeling 469 
Pseudomonas fragi 173 
Pseudomonas fluorescens 46, 174, 178, 180 
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Pseudomonas putida 179 
Psychrobacter 48 
Pyelonephritis 515, 522 


Racks, types of, 105-6 
Radial laminar flow systems 140 
Radio flow fermenter 140 
Radial flow fermenter (reactor) 140, 148 
Radio frequency glow discharge 124 
Radiolabeling techniques 224—5, 259-70 
bacteria in adhesion assay 108, 374, 377, 391 
bacterial viability 267 
B-emiters 263 
y-emiters 263-4 
3H-leucine 392 
3H-thymidine 374, 400, 448, 493 
™In-oxine 263-9 
labeling of mucin with I 463 
proteins 375, 404 
rate of incorporation 265-6 
4§-methionine 263-9, 533 
scintillation counting 108 
procedures 264-5 
use and safety 104 
yeast or Candida 531 
Radioapirometry 281 
Randomly amplified polymorphic DNA 182 
Repetitive genome sequences 182 
Respiratory epithelium 458-61 
Respiratory infections 15-6 
RGD sequences 10, 33 
RGD-binding proteins 10 
RGDcontaining peptide 10 
Rheumatoid arthritis 13 
Rhodamine 250 
Rickettsia conorii 278 
Rickettsia rickettsii 278, 489 
Rinsing 125 
Robbins device 54, 140, 142, 143, 378 
Roll technique for evaluating colonization 223 
Rotator 106 
Rotating disk system 75, 77 
Roto-torque 140,148—9 
Rumen ecosystem 173 
Ruthenium red 235-7 


Safety precautions 103-4 
Salicylates 609 
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Saliva 65, 99, 448 

Salmonella 8 

Salmonella enteritidis 30 

Salmonella typhimurium 100 

Salt aggregation test 57 

SAM (self-assembled monolayers) 38 

Scanning confocal laser microscopy 174, 209, 221 

Scanning electron microscopy (SEM) 60, 111- 
2, 125, 127, 174, 222, 236-51, 260, 265, 
267, 290, 335, 336, 346, 349, 364, 373-4, 
394, 493 

Scattering force 299 

Scintillation counting 264-5, 378, 391, 618 

SDS-—Polyacrylamide Gel Electrophoresis 
(SDS-PAGE) 377 

Secondary ion mass spectroscopy (SIMS) 114, 346 

Selection of bacteria 347, 348 

Self assembled monolayers (SAM) 76 

Serum, plasma 63, 65, 611, 619-22 
Plasma-coated surface 65, 611, 619-20 
Inhibition effect on bacterial adhesion 65, 

611, 619, 620 

Serratia marcescens 56 

Sessile bacteria 190 

Sex pili 5 

Shakers 106 

Shear stress 73, 75, 77, 80-4, 97 

Shearing force 125 

Short range forces 95 

Shigella pathogenecity 17 

Shigella flexeri 17, 18 

Sialoprotein (bone) 30 

Silicone, silicone catheters 63, 582 

Silicone oil 99 

Silver, silver coating 584, 594, 595 

Silver oxide 584 

Silicone catheter 584 

Silicone nitride 285, 286, 292, 340 

Simulated fluorescence processing (SFP) 254 

SLH (surface layer homology) 34 

Slime 12, 74, 137 
and extracellular matrix 156, 174, 
and inter-cell connection 137 
as protective biofilm 74 
components 74, 137 
production importance 137, 333 

Sodium benzoate 177, 180, 183, 1844 

Sonication 224 
cleaning of biomaterials 105, 127 
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quantification of colonization 224 
removing bacteria from contact lenses 393 
Sorbarod perfused biofilm model (SPBM) 150 
Spectrophotometer 111, 337 
Sphincter of Oddi 372 
Spirochetes 364 
Stained bacterial films 226 
Staining (see also, fluorescent staining) 
CTC, 126 
DNA stains, 126,127 
Hoechst stain 127 
DAPI stain 127 
negative staining 174 
pentachorophenol 177 
fluorescence staining 126 
Gram stain 126 
methylene blue stain 126 
propidium iodide 126 
Staphylococcal coagulase 517 
Staphylococcal protein A (Spa) 413 
Staphylococcus 53-65, 332 
adhesins 8 
adhesion to HA-coated stainless steel 339 
factors influencing adhesion 53—65, 399-401 
glycocalyx 241-7 
Staphylococcus aureus 
ATCC 25923 (a strain) 237, 241-7, 264, 265 
adhesins 8—10, 411-29, 431-3 
CAN (collagen-binding adhesin) 414, 
417-21 
CIfA, CIfB (fibrinogen/fibrin binding 
proteins) 311-2, 414, 417, 
424-7 
Eap (extracellular adherence protein) 
313, 417 
EbpS (elastin binding protein) 313, 
414, 427, 428 
Efb (Fib) (extracellular fibrinogen 
binding protein) 312, 417 
FbpA (fibrinogen binding protein) 417 
FnBPA and FnBPB (fibronectin 
binding proteins) 310-2, 414, 
421-4 
Map adhesins (MHC analogous 
protein) 413, 414, 416-8 
sdr or Sdr (serine-aspartate repeats) 
adhesins 414, 426, 427 
adhesion or colonization to biomaterials or 
devices 309-14 
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central venous catheter 63 
intravascular catheters 34, 307 
metals 59, 400 
PMMA 63, 64 
PMMA in vivo 398—405 
polyurethane 65 
suture materials 59 
Teflon 398—400 
titanium 60-2, 64 
adhesion to host tissues or cells 428, 430—6 
endothelial cells 428, 488, 489 
epithelial cells 428 
keratinocytes 425, 428 
mucus 461 
nasal mucosa 412 
osteoblasts 428 
animal models of staphylococcal disease 
434-6 
binding to proteins 
collagen 419-22 
elastin 427, 428 
extracellular matrix proteins 309, 310, 412 
fibrinogen 30, 31, 33, 35, 312, 309-12, 
424-6 
fibronectin 35, 46, 62, 63, 309-12, 422-4 
vitronectin 309-10 
biofilm 308, 314 
collagen receptor 312 
Cowan I 312 
genetic manipulations 431-3 
growth in medium 430, 431 
implant site infection, prosthetic infection 
59, 332 
internalization 428 
methicilin-resistant strains 430 
septic arthritis and osteomyelitis 19, 435, 436 
Wood 46 (strain) 63, 401, 405 
Staphylococcus carnosus 47, 321 
Staphylococcus epidermidis 53—65, 73—88 
ATCC 12228, 196, 264, 265, 268 
adhesins 6, 7, 315 
polysaccharide adhesins (PS/A) 35, 
315-22 
polysaccharide intercellular adhesins 
(PIA) 35, 37, 316-22 
adhesion, non-specific 73 
adhesion or colonization to biomaterials or 
implant devices 5, 11, 29, 30, 54, 59, 
64, 65, 75, 122, 252, 308, 332, 314-6, 
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334, 364, 581-4, 599-607, 611, 613, 
614, 617-20 
bacterial concentration on biofilm 
formation 55 
biofilm formation 30, 58, 137, 308 
ESS (extracellular slime substance 320, 322 
glycocalyx 319, 320, 333 
hemagglutination 318, 319 
hydrophobicity 57 
implant infection 319, 397 
M187 — 321 
preparation 196 
RP62 — 237, 241-7 
RP62A — 61, 62, 65, 73, 76, 80-4, 314, 
321, 337, 601-7, 619 
slime production 308, 314-21 
SAA (slime associated antigen) 321 
urease production 280 
wild-type 1457 — 319-21 
Staphylococcus hominis 237, 241-7 
Staphylococcus pyogenes 274, 275, 277 
Staphylococcus saprophyticus 9, 57, 411 
Stern layer 95, 354 
Stenting, endoscopic 371 
Stents 345, 371-84 
bacterial adhesion to 143 
bile 122, 372, 378-80, 384 
design 384 
metal 383 
urological 122, 346, 350 
Storage 106, 107 
refrigeration 106 
Streptococcus 332 
adhesion 46 
adhesins 8 
glycocalyx 236 
group B 275, 277 
M protein 46 
Streptococcus agalactiae 490 
Streptococcus faecium 55 
Streptococcus gordonii 357, 358, 490 
Streptococcus mitis 357, 359, 360, 
adhesion 611, 618 
effect of saliva on adhesion 65 
Streptococcus mutans 58, 61, 154, 355, 356, 
358-61, 445-52, 611, 617, 618, 620 
adhesion to glass 61, 448 
adhesion to hydroxyapatite 448 
adsorption by salivary glycoproteins 447 
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aph genes 450, 451 
biofilm formation 446, 447 
genetic manipulation of gtf genes 449, 450 
GTF activity 448 
GTFs production 445-52 
GTF purification 448, 449 
gtf genes 204, 209, 445-52 
hydrophobicity assay 447 
Streptococcus oralis 172, 363 
Streptococcus pneumoniae 15, 278, 461, 490 
Streptococcus pyogenes 554—70 
adhesins 555-60 
adhesion to hexadecane 55, 56 
binding to fibronectin 9 
binding to laminin 65 
hyaluronic acid 557, 558 
LTA adhesins 9, 556 
M protein adhesins 9, 554-69 
vaccines 565-9 
virulence factors 560-5 
hyaluronic acid capsule 563, 564 
immunoglobulin binding proteins 562, 563 
M proteins 560-1 
protein GRAB 563 
protein SIC 563 
serum opacity factor (SOF) 561, 562 
toxins 564, 565 
Streptococcus salivarius 356, 357, 360 
adhesion to Ti 363 
genes 208 
Streptococcus sanguis 56, 57, 61, 357, 359 
accumulation on surfaces 99,360 
Fim (lectin), hydrophobin adhesins 9 
adhesion to glass 61 
adhesion to biomaterials 356, 364, 611, 618 
adhesion to hydroxyapatite 
cell-cell interaction 65 
fimbriae 14 
hydrophobicity 56, 57 
to saliva-coated surface 14 
prosthetic infection 12 
receptor protein 
Streptococcus sobrinus 355, 361, 445, 446 
dental plaque 445 
GTFs production 445, 446 
lectin adhesin 8, 9 
Streptococcus uberis 278 
Static flow systems 124 
Substrate toxicity 176 
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Substratum 216-8 
Surface analysis using ESCA 616 
Surface characteristics 56-8, 58—62, 124 
bacteria 56-8 
hydrophobicity 56, 333 
surface charge 56, 333 
surface charge evaluation 334 
materials 58—62, 124 
chemical composition 59, 124 
hydrophobicity 61-2, 124 
irregular or porous surfaces 331—40 
physical configuration 60-1, 124, 335 
porosity 334-5 
roughness 59, 124, 335 
Surface characterization 124, 197 
Surface charge 57-8, 61, 65 
effects on bacterial adhesion 57-8 
material surface charge 75 
surface charge evaluation 
colloid titrition 57 
electrokinetic potential (zeta potential) 57 
elevtrophoretic mobility 57 
electrostatic interaction chromato- 
graphy 57 
isoelectric point 57 
Surface chemical treatment 124 
Surface coating 
albumin 61-2, 609-11, 615-9 
coating methods 615-7 
cross-linking methods 615, 619 
coating to titanium 619 
effect of antibacterial adhesion 617-9 
amine-containing organosilicone 59 
antimicrobial benzalkonium chloride 
impregnated polymer 384 
antimicrobial peptide 59 
bacterial proteins 611, 620 
casein 611, 620 
cation 59 
denatured collagen 62 
fibrinogen 62-3 
fibronectin 62-3 
gelatin 611 
heparin 609-15 
coating methods 610, 612 
effect of antibacterial adhesion 612-5 
human IgG 611 
hydrophilic polymer 384 
kininogen 611, 620 
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laminin 62, 64 
non-steroidal antiinflammatory drug 59 
pepsin 611 
plasma and serum 611, 619-20 
Pluronic surfactant 59 
Poly(ethylene oxide) 61 
poly(vinyl pyrrolidone) 59 
saliva 361, 363, 611 
serum 62 
silver 384, 585 
silver sulfadiazine 586 
Surface energy 73 
Surface free energy (sfe) 91—100 
substratum surface free energy 97-9 
Surface growth 189-201 
doubling time 191 
surface growth only 190-2 
surface growth with desorption 192-3 
surface growth with adsorption 193-4 
surface growth with adsorption and 
desorption 194—5 
Surface properties 79 
Surface roughness 30, 59-60, 62, 77, 91-100, 
124, 362 
Surface free energy 99, 173 
bacterial or cell sfe 96—100 
substratum sfe 97—100 
Surface irregularity 95, 97 
Surface preparation 121-3 
Surface tension 84, 86 
Surfactants 127, 592-3 


Tamm Horsfall protein 65, 515 
Teflon, catheters 98, 581, 617-9 
Test organism 219 
Texas red 250 
Thermodynamic analysis 75, 86-7 
Thermodynamic theory 75 
Thermomonospora curvata, 33 
Thrombospondin 30, 65, 413, 418 
Thrombus 65 
Time-lapse video imaging 48 
Tissue cage model 399 
Tissue culture plate 121 
Tissue infections, mechanisms 14—20, 434-6 
bacteremia 435 
Candida infections 19—20, 527-37 
endocarditis 20, 435, 488-9 
eye infections 20 
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gastric infections 16-17, 497-509 
intestinal infections 17—18 
Lyme disease 20, 489 
meningitis 489-90 
oral infections 14-5 
osteomyelitis 19, 435 
periodontitis 489 
pharyngitis 20 
respiratory infections 15, 16, 457-79 
septic arthritis 19, 435 
urinary tract infections 18, 515-23 
vasculitis 489 
wound infections 434, 435 
Titanium 346, 360, 363, 582, 611, 616-8 
Tooth-bleaching 361 
Total Folin protein 156 
Total internal reflection microscopy (TIRM) 300 
Total interaction energy 82 
Transmission electron microscopy (TEM) 111, 
112, 222, 236-40, 249-52, 260, 265, 267, 336 
Transposon 47 
Treponema denticola 10 
2,4,6-Trichlorobenzoic acid 177 
Trichloroethylene 176, 178 
Trichlorophenol 176, 178 
Trichlorovinylsilane 76, 79-83 
Tridodecyl-methyl ammonium chloride 610 
Turbidimetric technique 336 


Ultra clean air system 609 
Ultra high molecular weight polyethylene 
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(UHMWPE) 60-2 
Ultrasonification 263, 336 
Urethral stents 346, 347 

Urinary catheters 137, 390 
Urinary tract infections 12, 18, 29 


V acuum/suction 104 
van der Waals forces 2, 3, 37, 38, 74, 94-6, 
172, 218, 287 
Debye forces 95 
Kesson forces 95 
London dispersion forces 95 
Vancomycin 56 
Vascular catheters or prostheses 122, 591-5 
Vibrio cholerae 30, 45 
Vibrio parahaemolyticus, 253 
Vitronectin 9, 10, 30, 374-6, 413, 613 
Vortexing 127, 336 


Wii growth methods 152 

Waste disposal 110 

Water contact angle 56, 73-87 

Water contact angle goniometer 77, 

Wettability 61, 73-88, see also, hydrophobicity 


X-ray photoelectron spectroscopy (XPS) 77, 
79, 84, 87, 114, 196, 346 


Yersinia enterocolitica 276, 277 


Zeta potentials 57, 95, 334, 339, 360 


